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@  A  rearrangeable  fully  available  multistage  switching  net- 
work  having  Nt  inputs  and  Mt  outputs,  preferably  where 
Nt=Mt,  comprising  a  plurality  of  switching  elements  ar- 
ranged  in  an  array  of  9  stages,  where  6>:3.  The  inner  groups 
of  stages  define  a  plurality  of  nested  modules  where  each  of 
the  switches  in  an  outer  stage  is  connected  to  associated 
subordinate  inner  modules  such  that  at  least  one  set,  fi,  of 
said  connections  between  stages  is  redundant,  that  is,  greater 
than  1. 

Q .  
I l l  

ACTORUM  AG 

  A  rearrangeable  fully  available  multistage  switching  net- 
work  having  NT  inputs  and  MT  outputs,  preferably  where 
NT=MT,  comprising  a  plurality  of  switching  elements  ar- 
ranged  in  an  array  of  0  stages,  where  @≥3.  The  inner  groups 
of  stages  define  a  plurality  of  nested  modules  where  each  of 
the  switches  in  an  outer  stage  is  connected  to  associated 
subordinate  inner  modules  such  that  at  least  one  set,  fi,  of 
said  connections  between  stages  is  redundant,  that  is,  greater 
than  1. 



BACKGROUND  OF  THE  I N V E N T I O N  

The  invent ion   relates   to  a  mu l t i s t age   swi tching  ne twork   w h i c h  

is  useful  in  t e l ephon ic   communicat ion  and,   in  p a r t i c u l a r ,   ce l lu lar   mobi l e  

r a d i o - t e l e c o m m u n i c a t i o n   sys t ems .   R e a r r a n g e a b l e   swi tch ing   n e t w o r k s   a r e  
known  in  the  ar t ,   for  example,   U.S.  Pat.  Nos.  4 ,023 ,141 ;   3 , 9 7 8 , 2 9 1 ;  

3 ,358 ,269 ;   3 ,129 ,407 ;   3 ,258 ,269 ;   4 ,038 ,638   and  4 , 0 2 2 , 9 8 2 .  

A  r e a r r a n g e a b l e   full  ava i lab i l i ty   ne twork   is  one  in  which  a 
succes s fu l   connec t ion   of  any  idle  pair  of  te rminals   is  g u a r a n t e e d   e v e n  
though   this  may  r equ i r e   the  r e a r r a n g e m e n t   of  ex is t ing   c o n n e c t i o n s .  

While  this  same  " g u a r a n t e e "   can  be  ach ieved   in  a  " s t r i c t ly   n o n b l o c k i n g "  

ne twork ,   such  ne tworks   are  l a rger   and  more  e x p e n s i v e   than  n e t w o r k s  

with  which  the  p r e s e n t   invent ion   is  c o n c e r n e d .  

The  r e q u i r e m e n t s   of  cel lular   mobile  t e l ecommunica t ions   p l a c e  
addi t ional   demands   on  the  swi tch ing   ne twork   employed  in  such  s y s t e m s .  
In  a  cel lular   sys tem,   a  se rv ice   area  is  t yp ica l ly   divided  into  r e l a t i v e l y  
small  "ce l l s , "   each  cell  having  one  or  more  radio  a n t e n n a e   and  a  b a s e  

s ta t ion .   All  base  s t a t ions   a r e  c o n n e c t e d ,   via  land  lines  to  a  M o b i l e  

Te lecommunica t ions   Swi tch ing   Office  (MTSO)  which  se rves   as  the  c o n t r o l  

c e n t e r   for  the  system  and  which  is  also  linked  to  the  r egu la r   t e l e p h o n e  

n e t w o r k .  

Mobile  calls  are  in i t ia ted  by  the  t r a n s m i s s i o n   of  source   a n d  

des t i na t i on   data  over  special  " s e t - u p "   channe l s   to  the  n e a r e s t   b a s e  

s tat ion  which  relays  the  signal  to  the  MTSO.  If  the  t a r g e t   unit  ( t h e  

number   tha t   was  dialed)  is  a  l and- l ine   t e l e p h o n e ,   the  MTSO  in i t ia tes   a 
connec t ion   with  the  r e g u l a r   t e l ephone   ne twork   af ter   a s s i g n i n g   a  pair  o f  

v o i c e - c h a n n e l s   to  the  mobile  unit .   If  the  t a r g e t   is  mobile,  the  MTSO 

c i r cu la t e s   a  paging  signal  from  one  base  s tat ion  to  the  next  until  t h e  

t a r g e t   is  lo ta ted .   The  t a r g e t   r e s p o n d s   by  t r a n s m i t t i n g   an  

a c k n o w l e d g m e n t   to  its  local  base  stat ion  which  is  then  re layed  to  t h e  

MTSO.  

A  mobile  unit  con t i nues   to  use  its  a s s igned   pair  of  c h a n n e l s  

for  as  long  as  it  remains  within  its  or iginal   (or  c u r r e n t ) .   c e l l .  

However ,   when  a  unit  moves  from  one  cell  to  ano the r ,   a  p r o c e d u r e ,  

r e f e r r e d   to  as  a  " h a n d - o f f , "   is  in i t ia ted .   This  p r o c e d u r e   involves   a 



f u r t h e r   data  e x c h a n g e   over  the  special   s e t - u p   channe l ,   the  a s s i g n m e n t  

of  a  new  channel   pair  and  the  rou t ing   of  the  call  to  a  new  base  s t a t i o n .  

In  normal  t e l ephone   s y s t e m s ,   once  a  connec t ion   is  made  it  

remains  in  effect   until  the  c o n v e r s a t i o n   is  t e r m i n a t e d .   On  the  o t h e r  

hand,   due  to  h a n d - o f f s ,   the  c o n n e c t i n g   pa ths   in  the  cel lular   sys tem  a r e  

f r e q u e n t l y   b roken   and  remade  while  the  c o n v e r s a t i o n   is  in  p r o g r e s s .  

Clear ly ,   t h e r e f o r e ,   the  na tu re   of  the  ce l lu la r   system  is  such  that   i t  

imposes  a  set  of  unique   and  s t r i n g e n t   f unc t iona l   r e q u i r e m e n t s   on  t h e  

swi tch ing   ne twork   it  employs.   Spec i f i ca l ly ,   the  ne twork   must  have  ful l  

avai labi l i ty   so  that   r e c o n n e c t i o n s   m a d e   d u r i n g   a  h a n d - o f f   can  b e  

g u a r a n t e e d .   For  the  same  reason ,   the  ne twork   must  be  highly  r e l i a b l e  

and  have  p rov i s ions   for  de t ec t i ng   and  avoid ing   a  faul ty   path  and  t h e n  

de t ec t ing   and  isolat ing  a  fau l ty   componen t   for  r epa i r .   Also,  t h e  

r e c o n n e c t i o n s   or  h a n d - o f f s   should  be  t r a n s p a r e n t   to  the  u s e r s ,   i . e . ,  

t he re   should  be  no  tel l tale  d i s c o n t i n u i t i e s   in  ongoing  c o n v e r s a t i o n s   o r  
loss  of  any  data  d u r i n g   h a n d - o f f s .   Finally,   r e c o n n e c t i o n s   must  be  m a d e  

e x p e d i t i o u s l y   and  the  design  of  the  sys tem  must  be  such  as  to  f a c i l i t a t e  

eff ic ient   control   a l g o r i t h m s .  

In  the  c u r r e n t   s t a t e - o f - t h e - a r t   n e t w o r k s ,   all  of  t h e  

p e r f o r m a n c e   ob jec t ives   a s soc ia ted   with  ce l lu lar   r a d i o - t e l e c o m m u n i c a t i o n s  

cannot   be  a ch i eved ,   or  if  a ch i eved ,   the  n e t w o r k s   are  re la t ive ly   l a r g e  

and  e x p e n s i v e   a n d / o r   the i r   a r c h i t e c t u r e s   do  not  faci l i ta te   e x p e d i t i o u s  

r e c o n n e c t i o n s   nor  do  they  fac i l i ta te   e f f ic ien t   control  a l g o r i t h m s .  

Moreover ,   the  s t a t e - o f - t h e - a r t   ne tworks   do  not  readily  a c c o m m o d a t e  

addi t ions   to  the i r   s u b s c r i b e r / u s e r   base.   For  example,   in  such  a 

ne twork   having  N T  i n p u t / o u t p u t   t e r m i n a l s ,   add i t ions   to  the  n e t w o r k  

normally  inc rease   by  a  rate  p r o p o r t i o n a l   to  NT.log2(NT),   r a t h e r   t h a n  

l inearly  with  N T .  

It  is,  t h e r e f o r e ,   an  ob jec t ive   of  the  p r e s e n t   invent ion   t o  

p rovide   a  r e a r r a n g e a b l e   fully  avai lable  sw i t ch ing   ne twork   useful  f o r  

both  voice  and  data  t r a n s m i s s i o n   that   meets  all  of  the  f u n c t i o n a l  

r e q u i r e m e n t s   of  a  ce l lu lar   mobile  r a d i o - t e l e c o m m u n i c a t i o n s   sys tem,   b u t  

which  can  also  be  used  in  Pr iva te   Automat ic   Branch  Exchange   ( P A B X )  

sys tems .   Speci f ica l ly ,   it  is  an  object ive   of  the  i n v e n t i o n :  

(1)  to  p rov ide   a  genera l   mu l t i s t age   ne twork   c o n f i g u r a t i o n  

p r e d i c a t e d   on  the  use  of  r e d u n d a n t   c o n d u c t o r s   b e t w e e n  



s tages   which,   when  compared   to  s t a t e - o f - t h e - a r t  

n e t w o r k s ,   g r e a t l y   r educes   the  p r o b a b i l i t y   of  having  t o  

r e a r r a n g e   ex i s t ing   c o n n e c t i o n s   in  o rde r   to  connec t   an  

idle  pair  of  t e rmina ls   and  which  simplifies  the  p r o c e s s  
when  r e a r r a n g e m e n t   is  r e q u i r e d ;  

(2)  to  p rov ide   a  ne twork   c o n f i g u r a t i o n   which  fac i l i ta tes   p a t h  

ver i f i ca t ion   t h r o u g h   the  ne twork   and  which  fac i l i ta tes   t h e  

p roces s   of  locating  and  i so la t ing   faul ty  c o m p o n e n t s ;  

(3)  to  p rov ide   conformable   specif ic   embodiments   of  t h e  

genera l   ne twork   in  which  the  least  reducib le   element  is  a 

p r i n t e d   c i rcu i t   board  and  in   which  all  of  the  p r i n t e d  

c i rcui t   boa rds   are  ident ica l ,   t h r o u g h o u t   the  n e t w o r k ;  

(4)  to  p rov ide   conformable   specif ic   embodiments   of  t h e  

genera l   ne twork   which  permit   the  growth  of  the  n e t w o r k ,  

in  terms  of  such  p r in t ed   c i rcu i t   boa rds ,   to  be  d i r e c t l y  

p r o p o r t i o n a l   to  the  total  number   of  input  and  o u t p u t  

te rminals   r e q u i r e d ;  

(5)  to  p rov ide   conformable   specif ic   embodiments   of  t h e  

genera l   ne twork   which  permit   the  use  of  such  p r i n t e d  

c i rcui t   boards   which  are  dual  swi tch ing   elements  each  of  

which  cons i s t s   of  two  d is joint   elements  with  a  common 

con t ro l l e r   to  e f fec t ive ly   r educe   the  total  number   of  s u c h  

p r i n t ed   c i rcu i t   boards   by  a p p r o x i m a t e l y   o n e - h a l f .  

THE  INVENTION 

The  p r e s e n t   invent ion   is  a  mu l t i s t age   r e a r r a n g e a b l e ,   f u l l y  

avai lable   swi tch ing   ne twork   having  NT  inputs   and  N.T.  o u t p u t s .   T h e  

ne twork   comprises   a  p lu r a l i t y   of  fully  avai lable   swi tch ing   e l e m e n t s  

a r r a n g e d   in  an  a r r ay   of  s t ages .   Inner   g r o u p s   of  s tages   define  a 

p lu ra l i t y   of  nes ted   modules  such  that   each  switch  in  an  ou te r   s tage   is 

c o n n e c t e d   to  all  a s soc i a t ed   or  s u b o r d i n a t e   inner  modules  wherein   a t  

least  one  set  of  such  c o n n e c t i o n s   linking  s tages   is  r e d u n d a n t .   In  t h e  

p r e s e n t   i nven t ion ,   the  ser ies   of  nes ted   sets  of  s u c c e s s i v e l y   s m a l l e r  

ne tworks   which,   when  the  number   of  s tages   is  odd,  typical ly   resu l t s   in 

the  innermos t   nes t ing   level  being  a  s ingle  swi tch ing   element  and  two  



swi t ch ing   elements   when  the  number   is  even.   In  c o n s i d e r i n g   t h e  

d e s c r i p t i o n   of  the  invent ion  it  is  useful   to  refer   to  F igure   1  to  m o r e  

fully  u n d e r s t a n d   the  nes t ing   c o n c e p t .  

The  ne twork   is  s u b d i v i d e d   into  @  s t a g e s .   In  the  p r e s e n t  

i nven t ion ,   @  may  be  e i ther   an  odd  or  even  i n t ege r   such  tha t   if  t h e  

number   of  s tages   of  swi tches   is  odd,  then  @ >3  and  if  even,   then  8  >4 .  

In  d e s c r i b i n g   the  ne twork ,   "i"  is  used  to  d e s i g n a t e   any  s tage   in  t h e  

ne twork ,   where   i = 1 , 2 , 3 , . . . , 8 .   I is  used  to  d e s i g n a t e   the  c e n t e r   s t a g e  

when  8  is  odd,  such  t h a t  

Each  s tage  in  the  ne twork   p r e f e r a b l y   compr i ses   s t r i c t l y  

nonb lock ing   swi tch ing   elements   each  of  which  is  r e f e r r e d   to  here in   as  a 

Least  Reduceab le   Element  (LRE).   All  LRE's  in  the  i-th  s t a g e  p r e f e r a b l y  

have  K.  inputs   and  Ki  o u t p u t s   and,   t h u s ,   have  a  size  KixKi.  If  @  is 

even,   t h e r e   is  no  genera l   r e q u i r e m e n t   that   the  LRE's  in  one  s tage   b e  

equal  in  size  to  the  LRE's  in  ad jacen t   s t ages ,   excep t   for  the  I-th  a n d  

(1+1)-th  s t a g e s .  

If  @  is  odd,  t hen ,   for  i <  I  and   if  @  is  even,   then  for  i <  t h e  

i-th  s tage   of  the  ne twork   is  the  m i r r o r - i m a g e   of  the  (@-i+1)-th  s t a g e  

and  s t ages   i  and  (@-i+1)  are  said  to  be  c o m p l e m e n t a r y   s t a g e s .   All 

LRE's  in  complemen ta ry   s t ages   are  of  equal  size  and  Ki=K(@-i+1).  
Likewise,   LRE's  occupy ing   m i r r o r - i m a g e   posi t ions   in  c o m p l e m e n t a r y  

s tages   are  said  to  be  m i r r o r - i m a g e   L R E ' s .  T h u s ,   for  example ,   in 

Figure   1,  LRE's  LREL(2,1)   and  LRER(2 ,1)   are  m i r r o r - i m a g e   L R E ' s .  

In  the  p r e s e n t   i nven t ion ,   LRE's  within  and  b o u n d e d   b y  

c o m p l e m e n t a r y   s tages   are  g r o u p e d   into  one  or  more  s u b s e t s ,   each  of 

which  is  r e f e r r e d   to  as  a  module.   As  used  h e r e i n ,  j   d e s i g n a t e s   t h e  

m o d u l e - g r o u p   comprised   of  LRE's  in  s t a g e s  j   to  (@-j+1),  where   j ≤ I .  

If  @  is  odd,  then  each  LRE  in  the  I-th  s tage   is  also  a  m o d u l e  

which  belongs   to  m o d u l e - g r o u p   j=l.  If  @  is  even,   then  the '   j = l - t h  

m o d u l e - g r o u p   is  a  pair  of  L R E ' s .  



Each  module  in  the  j-th  m o d u l e - g r o u p   is  itself  a  f u l l y  

avai lable   s q u a r e   swi tch ing   ne twork   having  (@-2j+2)  s t ages ,   N.  i n p u t s  
and  Nj  o u t p u t s ,   and,   if  j=I,  then  N l≡Kl .  

The  number   and  c o n f i g u r a t i o n s   of  the  LRE's  within  all 

modules  of  the  j- th  m o d u l e - g r o u p   are  identical   and  t h e r e f o r e ,   all 

modules  in  m o d u l e - g r o u p  j   are  said  to  be  i d e n t i c a l .  

The  en t i re   swi tch ing   ne twork   is  deemed  to  be  a  module  w h i c h  

is  d e s i g n a t e d   the  j=1  m o d u l e - g r o u p .   Where  1 ≤ j ≤ I,  each  m o d u l e  

conta ins   a  ser ies   of  nes ted   sets  of  s u c c e s s i v e l y   smaller  modules  a n d ,  

such  that   for  2 ≤ j ≤ l,  S.  is  the  number   of  modules  of  m o d u l e - g r o u p  j  

which  nest  within  a  l a rge r   module  of  the  ( j - 1 ) - t h   m o d u l e - g r o u p .  

M ( j ,  k 2 ,  k 3 , . . , k j - 1 , k j )   is  the  iden t i ty   of  the  kj-th  module  in 

the  j- th  m o d u l e - g r o u p   which  nests   within  the  k ( j - 1 ) - t h   module  o f  

m o d u l e - g r o u p  ( j - 1 ) ,   w h i c h  n e s t s  w i t h i n . . . ,  w h i c h   n e s t s   within  t h e  

k2-th  module  of  m o d u l e - g r o u p   j=2  where ,   for  all  j,  1 ≤ kj ≤ Sj.  T h i s  

a r r a n g e m e n t   is  i l l u s t r a t e d   in  Figure   1. 

Module  M ( j , k 2 , k 3 , . . . , k j - 1 , k j )   is  nes ted   within  m o d u l e  

M ( j - 1 , k 2 , k 3 , . . . , k j - 1 )   t h e r e b y   making  module  M ( j , k 2 , k 3 , . . . , k j - 1 , k j )   a 

s u b o r d i n a t e   module  to  module  M ( j - 1 , k 2 , k 3 , . . , k j - 1 )   and  the  l a t t e r  

module  is  a  s u p e r o r d i n a t e   module  to  module  M ( j , k 2 , k 3 , . . . k j - 1 , k j ) .  

Where  1 ≤ i ≤ l,  Rl  is  the  number   of  LRE's  compr is ing   the  i - t h  

s tage  of  the  ne twork   which  are  con ta ined   within  each  module  of  m o d u l e -  

g roup   j=i.  By  reason  of  symmet ry ,   Ri  is  the  number   of  LRE's  

compr i s ing   the  (@-i+1)-th  s tage  of  the  ne twork   which  are  c o n t a i n e d  

within  each  module  of  m o d u l e - g r o u p   j=i.  F u r t h e r m o r e ,   if  8  is  odd,  t h e  

I-th  module  is a  s ingle  LRE  and  when  @  is  even,   it  is  a  pair  of  m i r r o r -  

image  LRE's,  and  t h e r e f o r e ,   Rl≡1.  

For j  <  I (@  is  odd)  or j  ≤ l  (0  is  e v e n ) ,   LREL(X,  k2,  k3 , . . . ,   kj)  
is  the  iden t i ty   of  the  X-th  LRE  in  the  s e q u e n c e   of  j-th  s tage   LRE's  in 

module  M(j,  k2,  k 3 , . . . ,   kj),  where   1 ≤ X ≤ R j .   On  the  o ther   hand,   for j   >  I 

(@  is  odd)  o r  j ≥ ( i + 1 )   (@  is  even)  L R E R ( X , k 2 , k 3 , . . . , k j )   is  the  i d e n t i t y  

of  the  X-th  LRE  in  the  s e q u e n c e   of  (@-j+1)-th  s tage  LRE's  in  m o d u l e  

M ( j , k 2 , k 3 , . . . , k j )   where   i ≤ X ≤ R j .   T h u s ,   the  pair  of  L R E ' s ,  



L R E L ( X , k 2 , k 3 , . . . , k j )   and  L R E R ( X , k 2 , k 3 , . . . , k j )   are  m i r r o r - i m a g e  

LRE's  as  i l l u s t r a t ed   in  F igure   1. 

If  @  is  odd,  t hen ,   since  each  LRE  in  the  I-th  s tage   is  a 

module,  the  pivot  LRE's  have  the  s i ngu l a r   d e s i g n a t i o n  

M ( l , k 2 , k 3 , . . . , k l ) ,   where   1 ≤ k l ≤ S l .  

In  the  p r e s e n t   invent ion   each  LRE  in  an  ou te r   s tage   of  a 

s u p e r o r d i n a t e   module  is  l inked  to  all  s u b o r d i n a t e   modules.   The  n u m b e r  

of  c o n d u c t o r s   from  each  LRE,  when  i ≤ l ,   in  the  set  of  LRE ' s  

L R E L ( X , k 2 , k 3 , . . . , k i ) ,   for  1 ≤ X ≤ R i ,   l inked  to  each  module  in  t h e  

s u b o r d i n a t e   set  of  modules  M(i+1, k2,  k3,  . . . ,   ki,  ki+1)  where   1 ≤ k i + 1 ≤ S i + 1  
is  fi.  Similarly,   for  i ≤ l ,   fi  is  the  number   of  c o n d u c t o r s   from  e a c h  

module  in  the  s u b o r d i n a t e   set  M ( i + 1 , k 2 , k 3 , . . . , k i , k i + 1 ) ,   l inked  to  e a c h  

LRE  in  the  set  of  LRE's  L R E R ( X , k 2 , k 3 , . . . , k i ) ,   where   1 ≤ X ≤ R i .  

Figure  1  i l l u s t r a t e s   a  l inkage  p a t t e r n   in  which  fj=2  for  all  values   of  i. 

H o w e v e r ,  a s   d e s c r i b e d   h e r e i n a f t e r , - o n l y   one  set  of  c o n d u c t o r s   needs  t o  

be  g r e a t e r   than  1.  When  fi  is  g r e a t e r   than  1,  those  c o n d u c t o r s   a r e  

said  to  be  ident i f ied   r e d u n d a n t   c o n d u c t o r s .  

If  8  is  even,   any  o u t p u t   from  any  LRE  in  the  I-th  s tage   may  

be  linked  to  any  input   to  any  LRE  in  the  (1+1)-th  s tage ,   and  t h e r e   is 

no  genera l   r e q u i r e m e n t   tha t   the  LRE's  so  connec ted   be  m i r r o r - i m a g e  

L R E ' s .  

If  @  is  odd,  each  module  in  m o d u l e - g r o u p   j=I-1  is  a  t h r e e  

s tage  ne twork   and  Sl  is  the  number   of  LRE's  within  the  c en t e r   s tage   o f  

each  of  the  t h r ee   s tage  modules .   A c c o r d i n g l y ,   it  is  a  p a r t i c u l a r   f e a t u r e  

of  this  invent ion  tha t   R ( l - 1 ) ≡ S l = R ( l + 1 ) ,   when  8  is  o d d .  

For  2 ≤ j ≤ l ,   Nj  is  the  total  number   of  c o n d u c t o r s   r ece ived   b y  

each  module  in  the  s u b o r d i n a t e   set  of  modules  M ( j , k 2 , k 3 , . . . , k j - 1 , k j ) ,  
where   1 ≤ k j ≤ S j ,   from  LRE's  in  the  LRE  set  L R E L ( X , k 2 , k 3 , . . . , k j - 1 ) ,  
where   1 ≤ X ≤ R j - 1 .   Similar ly,   when  2 ≤ j ≤ 1 ,   Nj  is  the  q u a n t i t y   of  

c o n d u c t o r s   rece ived   by  LRE's  in  LRE  set  L R E R ( X , k 2 , k 3 , . . . , k j - 1 ) ,  
where   1 ≤ X ≤ R j - 1 ,   from  each  module  in  the  s u b o r d i n a t e   set  of  m o d u l e s  

M ( j , k 2 , k 3 , . . . , k j - 1 , k j ) ,   where   1 ≤ k j ≤ S j .  



As  d i s c u s s e d   p r e v i o u s l y ,   the  en t i r e   swi tch ing   ne twork   is 

itself  a  module;  t h e r e f o r e ,   by  de f in i t ion ,   S1≡1  and  N1≡NT.  
F u r t h e r m o r e ,   for  the  f i r s t   s t a g e ,  

the  notation  [A]  is  def ined  herein  to  mean  the  smallest   i n t e g e r  >   A.  

W h e n   2 ≤ i ≤ l ,  t h e  d i s t r i b u t i o n s  o f  t h e  m o d u l e s ,  i n t e r - m o d u l e  

c o n d u c t o r s   and  i n t r a - m o d u l e   LRE's,  r e s p e c t i v e l y ,   are  given  by  t h e  

e q u a t i o n s  

a n d  

In  o rde r   that   the  ne twork   have  full  ava i l ab i l i ty ,   the  f o l l o w i n g  

n e c e s s a r y   condi t ion  must  prevai l   for  1 ≤ i ≤ l :  

F u r t h e r m o r e ,   the  sa t i s fac t ion   of  Equat ions   (3),  (4),  (5)  a n d  

(6)  a s s u r e s   a  su f f i c i en t   number   of  modules  and  LRE's  for  fu l l  

ava i lab i l i ty   as  shown  h e r e i n a f t e r .  

RT  is  the  total  number   of  LRE's  used  to  c o n s t r u c t   t h e  

ne twork   such  that   based  on  the  nes t ing   c o n c e p t ,  

where   Ψ=l-1,  when  8  is  odd  and  Ψ=I,  when  0  is  even  and  ξ=1,  when  @  is 

odd  and  ξ=0  and  when  8  is  e v e n .  

The  impor tance   of  r e d u n d a n t   c o n d u c t o r s   on  the  c o n f i g u r a t i o n  

of  the  ne twork   can  be  seen  in  terms  of  Equation  (3)  and  the  r e c u r s i o n  

ob ta ined   by  combining  Equa t ions   (4)  and  (5),   i . e . ,  



T h u s ,   for  any  i<  I,  when  f i > l ,   the  r e q u i r e d   number   o f  

modules  in  m o d u l e - g r o u p   j=i+1  is  r e d u c e d   a cco rd ing   to  Equat ion  (3)  

re la t ive   to  the  s i tua t ion   where   fi=1  and  the  number   of  LRE's  in  e a c h  

module  of  the  j - th  m o d u l e - g r o u p   and  in  all  of  the i r   s u b s e q u e n t  

s u b o r d i n a t e   modules  i nc reases   acco rd ing   to  Equation  (8).  This  d e c r e a s e  

in  the  number   of  modules  in  the  j - th   module  g roup   a c c o r d i n g   t o  

Equat ion  (3)  is  r e f e r r e d   to  as  compac t ion .   The  resul t   of  compact ion  is 

to  p rov ide   a  s i g n i f i c a n t l y   more  powerful   c o n n e c t i v i t y   to  the  n e t w o r k .  

This  c o n n e c t i v i t y   d i s t i n g u i s h e s   the  p r e s e n t   invent ion   from  those   of  t h e  

pr ior   a r t .  

The  i nc rease   in  c o n n e c t i v i t y   r e su l t i ng   from  compact ion  is 

readi ly  a p p a r e n t   when  compared   to  known,   fully  avai lable ,   n e t w o r k s  

tha t   do  not  use  compaction  ( i . e . ,   f.=1,  1 ≤ i ≤ l - 1 )   but  sa t i s fy   E q u a t i o n  

(3),  such  as  the  s t a t e - o f - t h e - a r t   n e t w o r k s   d e s c r i b e d   by  V.  E.  Benes  in 

"Mathematical   T h e o r y   of  Connec t ing   Ne tworks   for  T e l e p h o n e   T r a f f i c "  

Academic  Press   ( 1 9 6 5 ) . *  

*  Suppose   tha t   for  a  p r e s e n t   s ta te   of  the  art   ne twork ,   some  f.,  f o r  

1 ≤ i ≤ l - 1 ,   is  i nc r ea sed   to,  say,  2.  In  o the r   words ,   in  the  o r i g i n a l  
des ign ,   fi=1,  but  in  the  new  de s ign ,   fi=2.  This  means  that   in  t h e  

new  ne twork   S ' i+1=[Ki/2]   and  N'i+1=2Ni+1.  Hence  the  ( i + 1 ) - t h  

m o d u l e - g r o u p   in  the  new  ne twork   cons i s t s   of  a p p r o x i m a t e l y   o n e -  
half  of  the  number   of  modules  of  the  or iginal   ne twork ,   where   e a c h  
of  these   modules  M ( i + 1 , k 2 , k 3 , . . . , k i , k i + 1 ) ,   is  i tself  a  f u l l y  

avai lable   s u b n e t w o r k   of  size  (2Ni+1x2Ni+1)  to  which  e a c h  

LREL(X,  k 2 , . . . ,   ki)  has  fi=2  links  and  from  which  e a c h  

L R E R ( X , k 2 , . . . , k i )   receives   fi=2  l inks.   Because   of  the  fu l l  

ava i lab i l i ty   of  the  original   ne twork   and  because   each  of  t h e  
modules  of  the  ( i+1)- th   m o d u l e - g r o u p   is  also  a  fully  a v a i l a b l e  
s u b n e t w o r k ,   the  n e w   ne twork   is  fully  avai lable .   E x t e n d i n g   t h e  
above  a r g u m e n t   to  the  more  genera l   case  where  more  than  o n e  
f i >  1  is  s t r a i g h t f o r w a r d .   Hence,  compacted   ne tworks   s a t i s f y i n g  

Equa t ions   (3)  t h r o u g h   (6)  are  fully  a v a i l a b l e .  



Equally  impor tan t   to  r e ta in ing   full  ava i l ab i l i ty ,   the  c o m p a c t e d  

ne twork   of  the  p r e s e n t   invent ion   has  improved  p e r f o r m a n c e   in  terms  o f  

a  lower  p r o b a b i l i t y   of  having  to  r e a r r a n g e   ex i s t ing   connec t ions   in  o r d e r  

to  sa t i s fy   a  new  i n p u t - t o - o u t p u t   a s s i g n m e n t ,   and  a  l a rger   select ion  o f  

r e a r r a n g e m e n t s   (and,   t h e r e f o r e ,   a  po ten t i a l l y   simpler  r e a r r a n g e m e n t )  

when  the  s ta te   of  the  ne twork   is  such  that   the  r e a r r a n g e m e n t s   c a n n o t  

be  avoided .   For  example,   for  any  j - th  m o d u l e - g r o u p ,   when  f  
and  a  r e a r r a n g e m e n t   between  modules  is  n e c e s s a r y ,   a  c o r r e s p o n d i n g  

r e a r r a n g e m e n t   may  not  be  n e c e s s a r y   if  f ( j -1)   > 1.  However ,   if  t h e r e   is 

no  need  to  r e a r r a n g e   when  f ( j - 1 ) > 1 ,   t h e r e   may  still  exist   a  need  if 

f ( j -1 )=1 .   F u r t h e r m o r e ,   when  f ( j -1)  >  1  and  a  r e a r r a n g e m e n t   b e t w e e n  

modules  of  the  j - th  m o d u l e - g r o u p   is  n e c e s s a r y ,   the  r e d u n d a n t  

c o n d u c t o r s   will,  in  gene ra l ,   increase   the  total  number   of  s e q u e n c e s  
avai lable   for  i n t e r c h a n g i n g   the  busy  c o n n e c t i n g   paths   between  m o d u l e s .  

Combining  Equat ions   (3),  (7)  and  (8),  yields  for  the  t o t a l  

n u m b e r  o f  L R E ' s   in  a  genera l   c o m p a c t e d  n e t w o r k  a s   f o l l o w s :  

In  a  p r e f e r r e d   embodiment   of  the  p r e s e n t   invent ion   the  LRE ' s  

in  all  s tages   of  the  ne twork   are  of  equal  size  such  tha t ,   for  all  v a l u e s  

of  1 ≤ i ≤ l ,   Ki=K,  and  K  and  NT  have  values   such  t h a t  

a n d  



Subjec t   to  these   cond i t i ons ,   the  size  of  Equat ion  (9)  is  d i r e c t l y  

p r o p o r t i o n a l   to  the  number   of  s tages   and  to  the  number   of  i n p u t / o u t p u t  

t e rmina l s ,   n a m e l y ,  

When 

the  ne twork   reaches   its  maximum  size  re la t ive   to  @ , K , f 1 , f 2 , . . . ,   a n d  

f ( l -1 )   and  it  is  said  to  be  s a t u r a t e d .   In  this  r e g a r d ,   Equat ion  (13)  

def ines   the  point  of  s a t u r a t i o n .  

Typical   g rowth   c u r v e s   for  ne tworks   d e r i v e d   from  t h e  

p r inc ip l e s   of  the  p r e s e n t   invent ion   and  sub jec t   to  the  c o n s t r a i n t s   of  

Equa t ions   (10)  and  (11)  are  shown  in  Figure   2;  these   c u r v e s   are  f o r  

6=3,  5  and  7  and  for  K=8,  16  and  32 .  

The  c h a r a c t e r i s t i c s   and  a d v a n t a g e s   of  the  ne twork   of  t h e  

p r e s e n t   invent ion   will  become  a p p a r e n t   from  a  pe rusa l   of  the  d e t a i l e d  

d e s c r i p t i o n   of  the  p r e s e n t l y   p r e f e r r e d   embodiments   t aken   in  c o n n e c t i o n  

with  the  a c c o m p a n y i n g   d r a w i n g s .  

DESCRIPTION  OF  THE  DRAWINGS 

Figure   1  shows  a  genera l   compacted   ne twork   i l l u s t r a t i n g   t h e  

d e s i g n a t i o n s   of  modules  and  L R E ' s ;  

F igure   2  shows  the  g rowth   cu rves   d e s c r i b e d   by  E q u a t i o n  

( 1 2 ) ;  

F igure   3  is  a  genera l   schemat ic   d rawing   of  a  five  s t a g e  

compacted   ne twork   using  r e d u n d a n t   c o n d u c t o r s ;  

F igure   4  is  a  genera l   schemat ic   of  the  control   for  ne tworks   o f  

the  p r e s e n t   i n v e n t i o n ;  

Figure   5  is  a  genera l   schemat ic   of  a  (16x16)  LRE;  



Figure   6  is  one  speci f ic   c i rcu i t   diagram  for  a  PCB  for  a 

(16x16)  LRE;  

F igure   7  is  a  genera l   schemat ic   of  a  (16x16)  PCB  which  is  t o  

be  combined  with  o the r s   to  make  a  (32x32)  LRE; 

F igure   8  is  one  specif ic   c i rcu i t   diagram  for  the  (16x16)  PCB 

of  Figure  7 ;  

F igure   9  is  a  genera l   schemat ic   of  a  (16x16)   LRE  compr i sed   of  

a  th ree   s t age ,   r e a r r a n g e a b l e   ne twork   of  (4x4)  switch  e l e m e n t s ;  

F igure   10  is  one  specif ic   c i rcui t   diagram  for  the  (4x4)  s w i t c h  

element  of  the  LRE  shown  in  F igure   9;  

F igure   11a  and  b  i l l u s t r a t e   the  c r o s s - c o u p l i n g   in  two  

implementa t ions   of  a  (32x32)  six  s tage   n e t w o r k .  

F igure   12a-c  i l l u s t r a t e s   the  implementat ion  of  dual  e lements   in 

a  five  s tage   symmetr ica l   n e t w o r k .  

F igure   13  is  one  specif ic   c i rcui t   diagram  for  the  (4x4)  s w i t c h  

element  of  the  LRE  shown  in  Figure   9  when  that  LRE  is  a  dual  e l e m e n t .  

PRESENTLY  PREFERRED  EMBODIMENT 

A.  THE  NETWORK 

R e f e r r i n g   to  F igure   3,  swi tching  ne twork   10  is  a 

r e a r r a n g e a b l e ,   fully  avai lable   ne twork   in  which  the  s u c c e s s f u l  

connect ion  of  any  pair   of  idle  t e rmina ls   is  g u a r a n t e e d ,   a l though   t h i s  

might  r equ i r e   the  r e a r r a n g e m e n t   of  ex i s t ing   c o n n e c t i o n s .  

In  the  specif ic   embodiment   of  Figure  3,  the re   are  1024  i n p u t s  

to  and  1024  o u t p u t s   from  the  ne twork   ( i . e . ,   NT=1024),  five  s t a g e s  

( i . e . ,   @=5);  each  s tage   A  t h r o u g h   E  cons is t s   of  a  series  of  i d e n t i c a l  

squa re   LRE's  11. 

Acco rd ing   to  the  i nven t ion ,   each  LRE  11  within  the  n e t w o r k  

10  is  e i ther   a  s ingle  p r i n t ed   c i rcu i t   board  (PCB)  or  a  g roup   of  P C B ' s  



connec ted   to  form  a  l a rger   LRE  11.  In  this  p a r t i c u l a r   embodiment ,   e a c h  

LRE  11  in  s tage   A  is  a  PCB  with  16  input   c o n d u c t o r s   12  and  16  o u t p u t  

c o n d u c t o r s   13  ( i . e . ,   K=16).  Likewise,   each  LRE  11  in  s tage   B  is  a 

PCB  with  16  input   c o n d u c t o r s   13  and  16  ou tpu t   c o n d u c t o r s   14.  As  can  

be  seen,   o u t p u t   c o n d u c t o r s   from  LRE's  11  in  one  s t age ,   e . g . ,   A,  B,  C 

and  D  of  ne twork   10  are  the  input   c o n d u c t o r s   to  LRE's  11  in  the  n e x t  

s t ages ,   e . g . ,   B,  C,  D  and  E,  r e s p e c t i v e l y .   T h u s ,   the  1024  inpu t s   t o  

ne twork   10  pass  as  1024  c o n d u c t o r s   from  one  s tage   to  the  n e x t ,  

t e r m i n a t i n g   at  s tage   E,  the  last  ( i . e . ,   f i f th)   s t age ,   with  1024  o u t p u t s .  

The  number   of  LRE's  11  in  ou te r   s tages   A  and  E  is  c o m p u t e d  

by  d iv id ing   the  total  number   of  i n p u t / o u t p u t s   to  the  ne twork   by  t h e  

number   of  terminal   c o n n e c t i o n s   on  a  s ingle  LRE  ( i . e . ,  

R1=R5=1024/16=64) .  

The  LRE's  11A(1 ) - (64 )   in  the  f i r s t   s tage  are  i n d i v i d u a l l y  

d e s i g n a t e d   LREL(1) ,   LRE.  ( 2 ) , . . . , L R E L  ( 6 4 ) ,   r e s p e c t i v e l y ,   a n d   the  L R E ' s  

I ID(1)- (64)   are  i nd iv idua l ly   d e s i g n a t e d   L R E R ( 1 ) , L R E R ( 2 ) , . . . , L R E R ( 6 4 ) ,  
r e s p e c t i v e l y ;   see  Figure  1.  

In  the  five  s tage   embodiment   of  ne twork   10  the  s econd ,   t h i r d  

and  four th   s t a g e s ,   B,  C  and  D,  r e s p e c t i v e l y ,   taken  t o g e t h e r ,   c o m p r i s e  

a  set  of  modules  15  which  are  s u b o r d i n a t e   to  s tages   A  and  E.  In  t h e  

th i rd   s tage ,   C,  the  LRE's  11c  c o n s t i t u t e   a  ser ies   of  inner   modules   16 

which  are  s u b o r d i n a t e   to  and  nes ted   within  modules  15. 

As  shown  in  F igure   3,  t h e r e   are  two  c o n d u c t o r s   be tween   e a c h  

LRE  in  the  f i r s t   and  fifth  s t ages ,   A  and  E,  r e s p e c t i v e l y ,   and  each  n e x t  

inner  s u b o r d i n a t e   module  15  ( i . e . ,   f.=2).  For  example,   the  f i r s t   two  

c o n d u c t o r s   13  and  13'  from  LRE  11a(1)  in  the  f i rs t   s tage   A  are  t o  

module  15(1);   spec i f ica l ly   c o n d u c t o r   13  is  to  LRE  11b(1)  and  c o n d u c t o r  

13'  is  to  LRE  1 1 b ( 5 ) .  

Since  t h e r e   are  two  c o n d u c t o r s   13  and  13'  from  each  o u t e r  

LRE  11a  to  each  s u b o r d i n a t e   module  15  then  the re   are  8  of  t h e s e  

s u b o r d i n a t e   modules  1 5 ( 1 ) - ( 8 )   r e q u i r e d   ( i . e . ,   S 2 = 1 6 / 2 = 8 ) .  

Modules  1 5 ( 1 ) - ( 8 ) ,   r e s p e c t i v e l y ,   are  i n d i v u d u a l l y   d e s i g n a t e d  

as  M ( 2 , 1 ) , M ( 2 , 2 ) , M ( 2 , 3 ) , . . . , M ( 2 , 8 ) ;   and,   each  module  15  is  a  f u l l y  

avai lable ,   t h r e e   s tage  ne twork ;   see  Figure  1. 



The  number   of  i n p u t / o u t p u t s   to  ne twork   10  are  d i s t r i b u t e d  

equal ly   among  the  modules  15 (1 ) - (8 )   so  that   each  of  these   modules  15 

receives   128  c o n d u c t o r s   13  and  13'  from  the  LRE's  l la  in  the  f i r s t   s t a g e  
A  ( i . e . ,   N 2 = 2 ( 6 4 ) = 1 2 8 ) .  

Within  each  module  15,  the  LRE's  11b,  11c  and  l l d ,   in  t h e  

second ,   th i rd   and  four th   s t ages ,   r e s p e c t i v e l y ,   each  have  16  i n p u t  
c o n d u c t o r s   and  16  o u t p u t   c o n d u c t o r s .  

The  total  number   of  c o n d u c t o r s   received  by  each  module  15 

( i . e . ,   N2  128)  are  d i s t r i b u t e d   equal ly  among  the  LRE's  l l b   and  l ld   in 

each  module 's   ou te r   s tages   ( i . e . ,   the  second  and  four th   s t a g e s ,   B  a n d  

D,  r e s p e c t i v e l y ) .   T h u s ,   e ight   LRE's  11b  and  11d  are  r e q u i r e d   in  b o t h  

s tages   B  and   D  of  each  module  14  ( i . e . ,   R2=R4=128/16=8) .  

The  second  s tage  LRE's  11b  in  module  15(1)  are  i n d i v i d u a l l y  

d e s i g n a t e d   as  L R E L ( 1 , 1 ) , L R E L ( 2 , 1 ) , . . . , L R E L ( 8 , 1 )   and  the  four th   s t a g e  
LRE's  11d  in  module  15(1)  are  ind iv idua l ly   d e s i g n a t e d   a s  

L R E R ( 1 , 1 ) , L R E R ( 2 , 1 ) , . . . , L R E R ( 8 , 1 ) .   This  method  of  d e s i g n a t i n g  
LRE's  c o n t i n u e s   in  a  logical  fashion  so  that   the  second  s tage   LRE's  Ilb 

in  module  15(8)  are  ind iv idua l ly   d e s i g n a t e d   a s  

L R E L ( 1 , 8 ) , L R E L ( 2 , 8 ) , . . . , L R E R ( 8 , 8 )   and  the  four th   s tage   LRE's  11d  in 

module  15(8)  are  ind iv idua l ly   d e s i g n a t e d   a s  

LRER  ( 1 , 8 ) , L R E R ( 2 , 8 ) , . . . , L R E R ( 8 , 8 ) ;   see  Figure  1. 

Each  LRE  11c  within  the  cen te r   s tage  C  is  itself  a  module  15' 

and  thus  rece ives   two  c o n d u c t o r s   14  and  14'  from  each  of  the  LRE's  in 

the  outer   s t ages   B  a n d   D  of  its  p a r t i c u l a r   s u p e r o r d i n a t e   module  15. 

T h u s ,   e ight   LRE's  l l c ( 1 ) - ( 8 )   are  r e q u i r e d   in  the  cen te r   s tage   of  e a c h  

module  15  ( i . e . ,   S 3 = 1 6 / 2 = 8 ) .  

The  c e n t e r   s tage   LRE's  11c  in  module  15(1)  are  d e s i g n a t e d   as  

M ( 3 , 1 , 1 ) , M ( 3 , 1 , 2 ) , . . . , M ( 3 , 1 , 8 )   and  cen te r   s tage   LRE's  11c  in  m o d u l e  

15(2)  are  d e s i g n a t e d   as  M ( 3 , 2 , 1 ) , M ( 3 , 2 , 2 ) , . . . , M ( 3 , 2 , 8 ) .   This  m e t h o d  

of  d e s i g n a t i n g   c e n t e r   s tage   LRE's  11c  con t inues   in  a  logical  fashion  so  
tha t   cen te r   s tage   LRE's  11c  in  module  15(8)  are  d e s i g n a t e d   as  M ( 3 , 8 , 1 ) ,  

M ( 3 , 8 , 2 ) , . . . , M ( 3 , 8 , 8 ) .  

The  total  number   of  LRE's  11  r equ i r ed   to  c o n s t r u c t   t h e  

compacted  ne twork   10  is  320,  i . e . ,   R T = ( ( 2 ) ( 6 4 ) + 8 ( 1 2 x 8 ) + 8 ) = 3 2 0 .  



In  compar i son ,   a  c u r r e n t   s t a t e - o f - t h e - a r t   ne twork   having  f i v e  

s tages   and  1024  i n p u t / o u t p u t s   would  r e q u i r e   256  (16x16)  LRE's  and  256 

(4x4)  LRE's.  Spec i f ica l ly ,   it  would  have  64  (16x16)  LRE's  in  the  f i r s t  

and  fifth  s t a g e s ;   it  would  have  16  modules  at  the  second  nes t ing   level  

each  with  four   (16x16)  LRE's  in  the  second  and  four th   s t a g e s ;   t h e  

th i rd   s tage   within  each  module  would  cons i s t   of  16  (4x4)  e l e m e n t s .  

As  shown  by  the  p r e c e d i n g   specif ic   examples ,   a  s t a t e - o f - t h e -  

a r t   ne twork   with  comparab le   n e t w o r k   p a r a m e t e r s   ( i . e . ,   NT=1024  a n d  

8=5)  r equ i r e s   more  LRE's  than  the  ne twork   c o n s t r u c t e d   in  a c c o r d a n c e  

with  the  p r e s e n t   invent ion  ( i . e . ,   512  vs.  320).  F u r t h e r m o r e ,   t h e  

p r e s e n t   s t a t e - o f - t h e - a r t   n e tworks   r equ i r e   two  types   of  LRE's  ( v i z . ,  

(16x16)  and  (4x4))   whereas   the  ne tworks   in  a c c o r d a n c e   with  t h e  

p r e s e n t   inven t ion   r equ i re   only  one  type   (v iz . ,   (16x16) ) .   F u r t h e r m o r e ,  

the  r e d u n d a n t   c o n d u c t o r s   and  ne twork   compaction  of  the  p r e s e n t  

invent ion  s i g n i f i c a n t l y   enhance   the  overall   c o n n e c t i v i t y   of  the  n e t w o r k .  

As  such,   the  p r o b a b i l i t y   of  h a v i n g   to  r e a r r a n g e   ex i s t ing   c o n n e c t i o n s   in 

o rder   to  accommodate   new  ones  is  s i g n i f i c a n t l y   r e d u c e d .  

B.  NETWORK  C O N T R O L  

The  i n h e r e n t   c o n n e c t i v i t y   of  ne twork   10  due  to  the  r e d u n d a n t  

c o n d u c t o r s   p r o v i d e d   between  s tages   s i gn i f i c an t l y   r educes   the  need  f o r  

the  r e a r r a n g e m e n t   of  paths   of  ex i s t ing   connec t ions   to  s a t i s fy   a  new  

connect ion   demand .   However ,   when  r e a r r a n g e m e n t   of  the  e x i s t i n g  

paths  must  take  place,  t h e r e   are  a  number   of  poss ib le   r e a r r a n g e m e n t  

s t r a t e g i e s   which  the  ne twork   s u p p o r t s .   Re fe r r ing   to  F igures   3  and  4 ,  

a  p r e s e n t l y   p r e f e r r e d   control   is  r e f e r r e d   to  as  the  Inward ly   C o n v e r g e n t  

Control  ( I C C ) .  

Accord ing   to  the  ICC  me thodo logy ,   a  8 - s t age   n e t w o r k   is 

divided  into  I  domains ,   where   I  is  given  by  e i ther   Equat ion  (1a)  o r  

(1b) .   For  i  ≤l,  Di  d e s i g n a t e s   the  i-th  control   d o m a i n .  

A  control   domain  is  compr i sed   of  LRE's  in  a  pair  o f  

complemen ta ry   s tages   of  the  ne twork   and  t h e r e f o r e ,   for  i≤ l   when  0  is 

odd,  for  i <  I  when  8  is  even,   Di  is  the  control   domain  for  the  i-th  a n d  

(@-i+1)-th  s t a g e s .   If  8  is  odd,  then  the  LRE's  in  the  I-th  s t a g e ,  

alone,  c o n s t i t u t e   a  control   domain,   v iz . ,   the  D  d o m a i n .  



For  example ,   r e f e r r i n g   to  F igure   3,  t he re   are  t h r e e   c o n t r o l  

domains  in  the  five  s tage  ne twork   10.  The  f i rs t   control   d o m a i n ,  

r e f e r r e d   to  as  D1,  cont ro ls   the  r e a r r a n g e m e n t   of  connec t ions   be tween  a 

d e s i g n a t e d   LRE  11a  in  the  f i r s t   s tage  of  the  ne twork ,   and  any  of  

modules  1 5 ( 1 ) - ( 8 ) .   The  f i r s t   control   domain  also  cont ro ls   t h e  

r e a r r a n g e m e n t   of  connec t ions   be tween  any  of  modules  15 (1 ) - (8 )   and  a 

d e s i g n a t e d   LRE  11d  in  the  fifth  s tage  of  the  n e t w o r k .  

The  second  control   domain,   r e f e r r e d   to  as  D2,  cont ro ls   t h e  

r e a r r a n g e m e n t   of  connec t ions   between  a  d e s i g n a t e d   LRE  11b  in  t h e  

second  s tage  within  a  module  15  and  the  LRE's  11c  in  the  th i rd   s t a g e  

within  the  same  module  15.  The  second  control   domain  also  cont ro ls   t h e  

r e a r r a n g e m e n t   of  c o n n e c t i o n s   between  a  d e s i g n a t e d   LRE  l lc   in  the  t h i r d  

s tage  of  module  15  and  the  LRE's  11d  of  the  four th   s tage   within  t h e  

same  module  15.  

The  t h i rd   control   domain,  r e f e r r e d   to  as  D3,  cont ro ls   t h e  

r e a r r a n g e m e n t   of  pa ths   within  the  c en t e r   s tage  LRE's  in  module  15. 

The  ICC  methodology   r e a r r a n g e s   paths  s t a r t i n g   from  t h e  

outer   s tages   of  the  ne twork ,   moving  inward  in  a  symmetr ic   f a s h i o n .  

Thus ,   for  i  <1,  the  Di,  control  domain  deals  only  with  p r o d u c i n g   a 

viable  path  from  d e s i g n a t e d   i-th  and  (@-i+1)-th  s tage  LRE's  in 

s u p e r o r d i n a t e   module  M ( i , k 2 , k 3 , . . . , k i )   to  its  nested  set  of  s u b o r d i n a t e  

modules  M ( i + 1 , k 2 ,  k 3 , . . . ,  k i ,  ki+1),  where   1 ≤ k i + 1 ≤ S i + 1 .   I m p l e m e n t i n g  

this  path  may  r e q u i r e   that   ex is t ing   connec t ions   be  r e a r r a n g e d   b e t w e e n  

members  of  the  set  of  s u b o r d i n a t e   m o d u l e s .  

Within  each  a f fec ted   module  of  the  s u b o r d i n a t e   set  of  m o d u l e s  

M ( i + 1 , k 2 , k 3 , . . . , k i , k i + 1 ) ,   where   1 ≤ k i + 1 ≤ S i + 1 ,   the  pr ior   c o n n e c t i o n  

problem  is  now  in  the  Di+1  control  domain.  This  domain  deals  only  w i t h  

p r o d u c i n g   a  viable   path  from  the  a f fec ted   ( i+1)- th   and  (@-i)-th  s t a g e  

LRE's  in  a f f ec ted   modules  to  the i r   nes ted   set  of  s u b o r d i n a t e   m o d u l e s  

M(i+2, k2,  k3 ,  . . . , k i ,  k i + 1 ,  ki+2),  where   1 ≤ k i + 2 ≤ S i + 2 .  

If  6  is  odd  then ,   r epea t ing   this  p rocess   I  t imes,  r esu l t s   in 

the  r e a r r a n g e m e n t   c o n v e r g i n g   inward ly   to  the  I-th  stage  (or  to  the  I - t h  

and  (1+1)-th  s t ages   when  8  is  even)  where   it  is  finally  c o m p l e t e l y  

solved  in  the  Dl  control   d e m a i n .  



As  the  r e a r r a n g e m e n t   problem  c o n v e r g e s   inward  b e t w e e n  

complemen ta ry   pa i rs   of  s t ages   of  LRE's,   t h e r e   is  a  na tura l   p a r t i t i o n i n g  

of  the  problem  tha t   t akes   place  which  permi ts   the  r e su l t i ng   d i s j o i n t  

par t s   to  be  solved  c o n c u r r e n t l y .   For  example ,   in  the  D.  c o n t r o l  

domain,  a  r e a r r a n g e m e n t   of  ex i s t ing   pa ths   can  be  d e t e r m i n e d   t h a t  

demands   a  f u r t h e r   r e a r r a n g e m e n t   of  ex i s t i ng   pa ths   of  some  s u b s e t   o f  

the  Sj+1  s u b o r d i n a t e   modules .   The  r e a r r a n g e m e n t s   within  each  of  t h e s e  

s u b o r d i n a t e   modules  can  be  done  c o n c u r r e n t l y   since  they  are  c o n f i n e d  

exc lus ive ly   to  within  the i r   own  s u b o r d i n a t e   modules .   Thus ,   in  any  j - t h  

set  of  s u b o r d i n a t e   modules ,   t h e r e   are  S.  c o n t r o l l e r s ,   one  for  e a c h  

module  in  the  set.  Each  such  con t ro l l e r   solely  c o n s i d e r s   t h e  

r e a r r a n g e m e n t   of  pa ths   between  the  R.  LRE's  in  the  input   s tage   of  t h e  

module  and  the  R.  LRE's  in  its  o u t p u t   s tage .   P r e f e r a b l y ,   at  t h e  

innermos t   control   domains ,   the  connec t ion   problem  is  so  f i n e l y  

pa r t i t i oned   tha t   one  c o n t r o l e r   is  able  to  e f f ic ien t ly   se rve   mult iple   i n n e r  

m o d u l e s .  

Relat ive  to  a  given  domain  of  cont ro l ,   a  r e a r r a n g e m e n t   is  o n l y  

r e q u i r e d  w h e n   no  s u b o r d i n a t e   module  has  idle  c o n d u c t o r s   be tween   t h e  

input  LRE  and  o u t p u t   LRE  to  which  a  connec t i ng   path  is  r e q u e s t e d .  

As  shown  in  F igure   4,  the  ne twork   of  the  p r e s e n t   i nven t ion ,   is  s u c h  

that   when  this  is  the  case,   t he re   is  always  an  inner  module  (P  in 

Figure  4)  with  at  least  one  idle  c o n d u c t o r   to  the  r e q u e s t e d   input   LRE.  

Similarly,  t he re   is  always  a n o t h e r   inner   module  (Q  in  F igure   4)  with  a t  

least  one  idle  c o n d u c t o r   to  the  r e q u e s t e d   o u t p u t   LRE.  A  c o n t r o l l e r   c a n  

always  de t e rmine   such  a  pair  of  inner   modules  by  simply  examining   a 

s ta tus   table  tha t   con ta ins   input   LRE  to  o u t p u t   LRE  l i nk -use   i n f o r m a t i o n .  

There   is  no  need  to  be  aware  of  how  exac t ly   the  c o n n e c t i o n s   a r e  

sa t i s f ied   t h r o u g h   the  inner   modules ,   b e c a u s e   excep t   for  the  i n n e r m o s t  

control  domains ,   each  inner   module  will  be  s e rv i ced   by  its  own 

c o n t r o l l e r .  

The  ICC  me thodo logy   for  r e a r r a n g e m e n t   is  the  same  for  e a c h  

stage  of  the  n e t w o r k .   It  simply  involves  e x c h a n g i n g   act ive  c o n n e c t i n g  

paths  between  inner   modules  ( i . e . ,   P  and  Q  in  Figure  4)  until  one  o f  

these   inner   modules  has  idle  c o n d u c t o r s   to  both  the  r e q u e s t e d   i n p u t  

and  ou tpu t   LRE's.  When  this  is  a ccompl i shed ,   control   is  t h e n  

t r a n s f e r r e d   to  the  next   inner   domain.  If  8  is  odd,  this  is  r e p e a t e d  

until  the  I-th  s t age   is  r eached   or  if  0  is  even  until  I-th  and  ( 1 + 1 ) - t h  

s tages   are  r e a c h e d ,   at  which  point   a  complete  set  of  r e a r r a n g e d   p a t h s  



t h r o u g h   the  ne twork   has  been  e s t a b l i s h e d   and  can  be  implemented .   In 

this  r e g a r d ,   it  is  a  f e a t u r e   of  t h i s - i n v e n t i o n   that   when  r e a r r a n g e m e n t   is 

r e q u i r e d ,   the  r e d u n d a n t   c o n d u c t o r s   will  gene ra l l y   increase   the  t o t a l  

number   of  avai lable   s e q u e n c e s   for  e x c h a n g i n g   active  connec t ing   p a t h s  

between  m o d u l e s .  

C i rcu i t s   ut i l izing  m i c r o p r o c e s s o r s   for  cont ro l l ing   s u c h  

r e a r r a n g e m e n t s   in  a c c o r d a n c e   with  the  ICC  d e s c r i b e d   above  are  k n o w n  

to  those  skilled  in  the  a r t .  

C.  DETECTING,   ISOLATING  AND  IDENTIFYING  FAULTY  COMPONENTS 

Normally,   in  r e a r r a n g e a b l e ,   fully  avai lable   n e t w o r k s ,   f a u l t y  

paths   remain  concealed   by  the  large  number   of  a l t e rna t e   paths   a v a i l a b l e  

for  connec t ing   an  idle  pair  of  t e rmina l s .   Thus ,   if  a  fault  ex i s t s ,   i t  

must  be  isolated  and  ident i f ied   for  repai r   or  r ep lacement .   T h e r e f o r e ,  

the  ne tworks   of  the  p r e s e n t   invent ion   p r e f e r a b l y   includes  a  p a t h  

ver i f ica t ion   sys t em,   and  each  LRE  is  p rov ided   with  a  bypas s   loop  t o  

faci l i ta te   such  t e s t i ng   and  fault   f i n d i n g .  

The  path  ve r i f i ca t ion   sys tem  as  implemented  by  the  n e t w o r k ' s  

con t ro l l e r s   is  as  fo l lows :  

(1)  when  an  i n p u t - t o - o u t p u t   connect ion   is  r e q u e s t e d   a  p a t h  

t h r o u g h   the  ne twork   is  d e t e r m i n e d ;  

(2)  a  test   signal  from  the  input   terminal   is  t r a n s m i t t e d   o v e r  

the  path  to  the  o u t p u t   t e r m i n a l ;  

(3)  if  the  tes t   signal  is  co r r ec t l y   rece ived ,   the  users   a r e  

c o n n e c t e d   into  the  n e t w o r k ;  

(4)  if  the  tes t   signal  fails  to  be  rece ived   c o r r e c t l y   at  t h e  

o u t p u t ,   a n o t h e r   path  t h r o u g h   the  swi tching  ne twork   is 

d e t e r m i n e d   a n d   the  ident i ty   of  the  LRE's  compr i s ing   t h e  

fau l ty   path  are  r e c o r d e d   for  s u b s e q u e n t   t e s t i n g ;  



(5)  the  de f ec t i ve   LRE  is  isolated  and  iden t i f i ed   b y  

t r a n s m i t t i n g   a  t e s t ' s i g n a l   over   the  faul ty  path  and,   o n e  

by  one,  s h u n t i n g   the  tes t   signal  via  each  LRE's  b y p a s s  

loop .  

D.  LRE 

With  r e f e r e n c e   to  F igure   5,  a  genera l   schematic   of  an  LRE  11 

is  shown.  LRE  11  compr ises   a  control   16  connec ted   to  m u l t i p l e x e r   18 

and  to  (16x16)  switch  17  and  a  t r i - s t a t e   d r i v e r s   19  by  means  o f  

c o n d u c t o r s   21,  23  and  24,  r e s p e c t i v e l y .  

The  s ix teen   ind iv idua l   input   c o n d u c t o r s   12  are  c o n n e c t e d   t o  

the  (16x16)  switch  17  by  c o n d u c t o r s   12'  and  to  mu l t i p l exe r   18  b y  

c o n d u c t o r s   20.  If  LRE  11  is  in  the  f i r s t   s tage  of  the  n e t w o r k ,   t h e n  

input   c o n d u c t o r s   12  are  from  ou t s ide   ne twork   10;  if  LRE  11  is  not  in 

t h e   f i r s t   s t age ,   then  input   c o n d u c t o r s   12  are  from  LRE ' s  11   in  t h e  

p r e c e d i n g   s t a g e s .  

C o n d u c t o r s   13  are  the  o u t p u t   c o n d u c t o r s   for  the  LRE  11 

C o n d u c t o r s   13  are  c o n n e c t e d   to  the  (16x16)  switch  17  via  c o n d u c t o r s   25 

and  t r i - s t a t e   d r i v e r   19(a) .   If  LRE  11  is  in  the  last  s t age   of  t h e  

ne twork ,   then  o u t p u t   c o n d u c t o r s   13  are  ou tpu t   from  the  ne twork ;   if 

LRE  11  is  not  in  the  last  s t age ,   then  o u t p u t   c o n d u c t o r s   13  are  to  LRE ' s  

11  in  the  next  s t a g e .  

C o n d u c t o r s   20,  22  and  22',  mu l t ip l exe r   18  and  t r i - s t a t e   d r i v e r  

19(b)  c o n s i s t u t e   the  b y p a s s   loop  which  is  used  for  d e t e c t i n g   a n d  

isolating  de f ec t i ve   switch  17,  d e s c r i b e d   a b o v e .  

R e f e r r i n g   to  F igure   6,  a  specif ic   c i rcu i t   diagram  for  a  ( 16x16)  

LRE  11  is  shown.   In  this  embod imen t ,   the  (16x16)  switch  17  is  a 

s t r i c t ly   nonb lock ing   ne twork ;   howeve r ,   it  p rov ides   for  r e a r r a n g e m e n t   o f  

the  input   or  o u t p u t   a c c o r d i n g   to  the  connec t ion   r e q u i r e m e n t s   of  t h e  

next  s t a g e .  

In  this  embod imen t ,   the  (16x16)  switch  17  is  composed  of  16:1 

mul t ip l exe r s   2 7 ( a ) - ( p ) ;   each  m u l t i p l e x e r   27  receives   16  c o n d u c t o r s   26 

which  are  c o n n e c t e d   to  input   c o n d u c t o r s   12'.  The  o u t p u t   from  e a c h  



mul t ip l exe r   27  is  a  single  c o n d u c t o r   2 5 ( a ) - ( p ) ,   which  taken   t o g e t h e r  

comprise   o u t p u t   25  of  the  switch  17. 

Control   16  is  composed  of  octal  r e g i s t e r s   2 8 ( a ) - ( p ) .   T h e s e  

r e g i s t e r s   28  are  connec t ed   to  the  mu l t i p l exe r s   27  by  c o n d u c t o r s   2 9 ( a ) -  

(p) .   The  control   s ignals   to  con t ro l l e r   16  are  received  from  the  m o d u l e  

con t ro l l e r   111  of  Figure   4  via  c o n d u c t o r s   110. 

F igure   7  depic ts   a  genera l   schemat ic   of  a  (16x16)  PCB  42 

which  would  be  combined  with  3  o thers   to  form  a  (32x32)  LRE  11.  PCB 

42  comprises   a  (16x16)  t r i - s t a t e   ou tpu t   switch  30,  a  16:1  m u l t i p l e x e r  

33,  two  quad  r e g i s t e r s   37  and  38,  and  two  16  bits  r e g i s t e r s   39  and  41 .  

Input   c o n d u c t o r s   12  are  connec t ed   to  the  t r i - s t a t e   switch  30  

by  c o n d u c t o r s   12'  and  to  mu l t i p l exe r   33  by  c o n d u c t o r s   32.  If  the  LRE 

11  is  in  the  f i r s t   s tage ,   then  input   c o n d u c t o r s   12  are  from  ou t s ide   t h e  

ne twork;   o t h e r w i s e ,   input   c o n d u c t o r s   12  are  from  LRE's  11  in  t h e  

p r e c e d i n g   s tage   of  the  n e t w o r k .  

C o n d u c t o r s   44  are  the  ou tpu t   c o n d u c t o r s   for  PCB  42 .  

C o n d u c t o r s   44  are  e i ther   connec t ed   to  a n o t h e r   s i s te r   componen t   PCB  42 

in  the  LRE  11  or  they  are  connec t ed   to  an  LRE  11  in  the  next  o u t e r  

s t a g e .  

C o n d u c t o r s   32,  34  and  34',  mu l t ip l exe r   33  and  t r i - s t a t e   d r i v e r  

31  c o n s t i t u t e   the  bypas s   loop  which  was  d e s c r i b e d   p r e v i o u s l y ;  

c o n d u c t o r s   34'  are  a  1:16  f a n - o u t   of  c o n d u c t o r   34 .  

R e g i s t e r s   37,  38,  39  and  41  are  used  to  control   the  b y p a s s  

loop;  the  control   s ignals   are  received  from  the  module  c o n t r o l l e r   111  o f  

Figure   4  via  c o n d u c t o r s   110. 

R e f e r r i n g   to  F igure   8,  a  specif ic   c i rcui t   diagram  for  PCB  42 

is  shown.  In  this  embodiment ,   LRE  11  is  composed  of  four   PCB's  42 

and  is  a  s t r i c t l y   nonb lock ing   ne twork ;   however ,   it  p rov ides   f o r  

r e a r r a n g e m e n t   of  the  input   or  ou tpu t   accord ing   to  the  c o n n e c t i o n  

r e q u i r e m e n t s   of  the  next  s t a g e .  

In  this  embodiment ,   the  (16x16)  PCB  is  composed  of  16:1 

mul t ip lexe r s   4 6 ( a ) - ( p )   and  t r i - s t a t e   d r i v e r s   5 2 ( a ) - ( p ) .  



Each  m u l t i p l e x e r   46  r ece ives   16  c o n d u c t o r s   47  which  a r e  

connec t ed   to  input   c o n d u c t o r s   12'.  Each  m u l t i p l e x e r   46  is  c o n n e c t e d   b y  

a  single  c o n d u c t o r   45  to  a  t r i - s t a t e   d r i v e r   52.  The  o u t p u t   from  e a c h  

t r i - s t a t e   d r i v e r   52  is  a  s ingle  c o n d u c t o r   4 3 ( a ) - ( p )   when,  taken  t o g e t h e r  

comprise   the  o u t p u t   43  of  the  (16x16)  switch  30 .  

Control   16'  is  composed  of  octal  r e g i s t e r s   4 8 ( a ) - ( p )   and  oc t a l  

r e g i s t e r s   5 0 ( a ) - ( d ) .   Octal  r e g i s t e r s   48  are  connec t ed   to  mu l t i p l exe r s   46  

by  c o n d u c t o r s   4 9 ( a ) - ( p ) ;   octal  r e g i s t e r s   50  are  connec ted   to  t r i - s t a t e  

d r i v e r s   52  by  c o n d u c t o r s   51  ( a ) - ( p ) .  

The  control   s ignals   to  c o n t r o l l e r   16'  are  rece ived   from  t h e  

module  con t ro l l e r   111  of  F igure   4  via  c o n d u c t o r s   110. 

Figure  9  is  a  schemat ic   of  a  second  embodiment   of  the  ( 16x16)  

switch  17  of  F igure   5.  In  this  embodiment ,   the  (16x16)  switch  17  is  a 

th ree   s tage,   fully  avai lable   ne twork   composed  of  twelve  (4x4)  s u b -  

elements  1 7 ' ( a ) - ( I ) .  

The  input.  c o n d u c t o r s   12'  are  d i s t r i b u t e d   equally  between  t h e  

four  switches   17 ' ( a ) ,   (d) ,   (g)  and  (j)  of  the  f i rs t   s tage  A.  T h u s ,  

each  s w i t c h   17'  in  the  f i r s t   s tage   A  rece ives   four  input  c o n d u c t o r s   53.  

Similarly,   each  switch  17'  in  the  second  and  th i rd   s t ages ,   ( i . e . ,   B  a n d  

C,  r e s p e c t i v e l y )   rece ives   four  input   c o n d u c t o r s .  

P u r s u a n t   to  the  logic  of  r e a r r a n g e a b l e ,   fully  a v a i l a b l e  

n e t w o r k s ,   each  switch  17'  has  four  o u t p u t s   54;  the  four  sets  of  t h e s e  

o u t p u t s   ( i . e . ,   5 4 ( a ) - ( p ) ) ,   taken  t o g e t h e r ,   c o n s t i t u t e   the  o u t p u t   25  o f  

the  (16x16)  ne twork   17. 

The  (16x16)  ne twork   17  ob ta ins   its  control   s ignals   from  t h e  

module  con t ro l l e r   111  of  F igure   4  via  c o n d u c t o r s   110.  The  a p p r o p r i a t e  

sets  of  these   control   s ignals   are  passed   to  each  switch  element  17'  v i a  

c o n d u c t o r s   55,  56  and  57.  

Figure   10  is  a  c i rcui t   d iagram  for  the  (4x4)  switch  element  17' 

of  Figure  9.  In  this  embodiment ,   the  switch  element  cons is t s   of  D - t y p e  

f l ip - f lops   5 8 ( a ) - ( j ) ,   b u f f e r s   5 9 ( a ) - ( g ) ,   t w o - i n p u t   NAND  gates   6 0 ( a ) -  

(h) ,   t h r e e - i n p u t   NAND  ga tes   6 1 ( a ) - ( p ) ,   t w o - i n p u t   AND  gates  6 2 ( a ) - ( h )  

and  t r i - s t a t e   d r i v e r s   6 3 ( a ) - ( p ) .  



The  four   input   t e rmina l s   5 3 ( a ) - ( d )   are  connec ted   to  b u f f e r s  

5 9 ( d ) - ( g ) ,   r e s p e c t i v e l y ;   these   input   t e rminals   are  four  componen t s   o f  

the  LRE  overall   input   12'  of  F igure   9 .  

Control   s ignals   are  r ece ived   by  switch  element  17'  at  t e r m i n a l s  

55,  56,  64  and  5 7 ( a ) - ( e ) ;   t hese   t e rmina ls   are  components   of  the  LRE 

overall   control  input   110  of  F igure   9;  the  control  s ignals  are  o b t a i n e d  

from  the  module  c o n t r o l l e r   111  of  Figure   4 .  

As  shown  in  F igure   10,  the  control   signal  received  at  t e r m i n a l  

64  is  impressed   on  bu f f e r   59 (c ) ,   which  initializes  D- type   f l i p - f l o p s  

5 8 ( a ) - ( j ) .   D- type   f l ip - f lops   58  control  the  two- inpu t   NAND  g a t e s  

6 0 ( a ) - ( h )   and  the  t h r e e - i n p u t   NAND  gates  6 1 ( a ) - ( p ) .   The  c o n t r o l  

signal  received  at  terminal   55  is  impressed   on  buf fe r   59(a)  and  loads  D- 

type  f l ip- f lops   5 8 ( a ) - ( e )   with  the  s ignals   ob ta ined   at  te rminals   5 7 ( a ) -  

(e).  Similarly,   the  control   signal  received  at  terminal  56  loads  b u f f e r  

59(b)  which,   in  t u r n ,   loads  D - t y p e   f l ip- f lops   58 ( f ) - ( j )   with  the  s i g n a l s  

in  f l ip- f lops   5 8 ( a ) - ( e ) .   The  control   signal  received  at  t e rmina l   64  l oads  

buf fe r   59(c)  and  is  passed   to  all  D- type   f l ip- f lops   58. 

The  o u t p u t   s ignals   from  NAND  gates  6 0 ( a ) - ( h )   are  d i r ec t ed   t o  

t r i - s t a t e   d r i v e r s   6 3 ( a ) - ( h ) ,   r e s p e c t i v e l y ,   which  provide   the  s ignals   t o  

ou tpu t   t e rminals   54(a)  and  54 (d ) .   Ou tpu t   terminal  54(a)  is  c o n n e c t e d  

to  t r i - s t a t e   d r i v e r s   6 3 ( a ) - ( d )   and  o u t p u t   terminal   54(d)  is  connec t ed   t o  

t r i - s t a t e   d r i v e r s   6 3 ( e ) - ( h ) .  

The  s ignals   from  s u c c e s s i v e   pairs   of  t h r e e - i n p u t   NAND  g a t e s  

6 1 ( a ) - ( p )   ( e . g . ,   61(a) ,   (b);   61(c ) ,   (d);   e tc . )   are  d i rec ted   to  t w o -  

input   AND  gates  6 2 ( a ) - ( h ) ,   r e s p e c t i v e l y ,   and,  in  t u rn ,   are  passed   t o  

t r i - s t a t e   d r i v e r s   6 3 ( i ) - ( p ) .  

T r i - s t a t e   d r i v e r s   63 ( i ) - ( I )   are  connec ted   to  ou tpu t   t e r m i n a l  

54(b)  and  t r i - s t a t e   d r i v e r s   6 3 ( m ) - ( p )   are  connec ted   to  ou tpu t   t e r m i n a l  

5 4 ( c ) .  

The  o u t p u t   t e rmina l s   5 4 ( a ) - ( d )   of  switch  element  17'  are  f o u r  

components   of  the  LRE  overall   o u t p u t   25  shown  in  Figure  9.  



E.  TRANSPOSED  ASSIGNMENTS  AND  THEIR  SYMMETRIC  R E A L I Z A T I O N  

In  sw i t ch ing   n e t w o r k s ,   a s s i g n m e n t s   of  inputs   to  o u t p u t s   o f t e n  

take  on  a  dual  form  in  the  sense   tha t   if  a  connect ion   is  r e q u i r e d  

between  p a r t i c u l a r ,   input   Ip  and  p a r t i c u l a r   ou tpu t   Ov  from  t h e  

ne twork ,   where   1 ≤ p ≤ N T   and  1 ≤ v ≤ N T ,   a n d  i f   p#v,  then  a 

c o r r e s p o n d i n g   connec t ion   is  r e q u i r e d   be tween  input  Iv  and   o u t p u t   O p .  

In  such  a  case,   any  r e q u e s t   for  a  connec t ion   is  ac tual ly   a  pair  o f  

r e q u e s t s .   Since,   in  any  such  dual  r e q u e s t ,   the  indices  of  t h e  

r e q u e s t e d   c o n n e c t i o n s   are  t r a n s p o s e d ,   a s s i g n m e n t s   of  this  type   a r e  
r e f e r r e d   to  as  t r a n s p o s e d   a s s i g n m e n t s .  

T r a n s p o s e d   a s s i g n m e n t s   r e q u i r e   that   the  number   o f  

i n p u t / o u t p u t   t e rmina l s   NT  be  even  since  o the rwi se   a  complete  set  o f  

dual  r e q u e s t s   involv ing   all  NT  inpu t s   and  NT  o u t p u t s   cannot   b e  

s p e c i f i e d .  

L e t  i s ( j )   d e s i g n a t e   a  p a r t i c u l a r   input   to  an  LRE  in  the  j - t h  

s tage  of  the  ne twork   and  let  ot(j)  d e s i g n a t e   a  p a r t i c u l a r   o u t p u t   from  an  
LRE  in  the  j- th  s tage   where   1 < s < K  and  1 ≤ t ≤ K j .  

Two  LRE's  in  the  c o m p l e m e n t a r y   s tages   of  the  ne twork   a r e  
said  to  be  in  t r a n s p o s e d   s ta tes   if,  for  all  values  of  t  and  s,  the  LRE  in 

the  j-th  s tage  c o n n e c t s   is(j)  to  ot(j)  and  the  LRE  in  the  (@- j+1) - th  

s tage  connec ts   it(@-j+1)  to  os (@-j+1) .  

In  0 - s t a g e   ne tworks   of  the  p r e s e n t   inven t ion ,   where   8  is  e v e n  

and  where   K 1 , K 2 , . . . , K l   are  all  even,   t r a n s p o s e d   a s s i g n m e n t s   can  b e  

realized  symmet r i ca l ly   re la t ive   to  m i r r o r - i m a g e   LRE's  in  the  sense   t h a t ,  

for  the  rea l iza t ion ,   m i r r o r - i m a g e   LRE's  can  be  placed  in  t r a n s p o s e d  

s t a t e s .   A  real iza t ion  of  an  a s s i g n m e n t   which  has  all  m i r r o r - i m a g e   LRE ' s  

in  t r a n s p o s e d   s ta tes   is  r e f e r r e d   to  as  a  symmetr ic   r e a l i z a t i o n .  

To  ach ieve   symmetr ic   rea l iza t ions   of  all  t r a n s p o s e d  

a s s i g n m e n t s   in  n e t w o r k s   where   @  is  even  r e q u i r e s   that   the  LRE's  in  t h e  

I-th  stage  be  l inked  in  a  p a r t i c u l a r   way  to  the  LRE's  in  the  ( 1 + 1 ) - t h  

s tage  and  that   the  l inkage  need  not  n e c e s s a r i l y   be  between  m i r r o r - i m a g e  

LRE's.  Such  l inking  p a t t e r n s   will  be  r e f e r r e d   to  as  c r o s s - c o u p l i n g s .  



Depend ing   on  the  n a t u r e   of  the  c o n d u c t o r - r e d u n d a n c y  

p a r a m e t e r s ,   f 1 , f 2 , . . . , f l - 1 ,   two  c r o s s - c o u p l i n g   p a t t e r n s   are  employed  in 

the  p r e s e n t   i nven t ion .   Spec i f i ca l ly ,   when,   for  1 ≤ t ≤ K l ,   each  o t ( )   is 

linked  to  each  i t ( l+1) ,   then  the  c r o s s - c o u p l i n g   is  said  to  have  an  

iden t i ty   p a t t e r n .   On  the  o the r   hand,   the  c r o s s - c o u p l i n g   is  said  t o  

have  a  swi tched  p a t t e r n   when  ot(I)   is  l inked  to  i ( t+1 ) ( l+1 ) ,   for  t  o d d ,  

and  when  ot(I)   is  l inked  to  i ( t - 1 ) ( l + 1 ) ,   for  t  e v e n .  

If,  for  all  values   of  1 ≤ j ≤ ( l - 1 ) ,   f j > 1 ,   then  the  pair  of  

m i r r o r - i m a g e   LRE's  compr i s ing   each  M ( l , k 2 ,  k 3 , . . . ,  kl)  module  are  c r o s s -  

coupled  accord ing   to  the  swi tched   l inking  p a t t e r n .  

If,  for  some  value  of  j,  fj=1  and  for  any  1≤  i ≤ ( j - 1 ) ,   fi  >1 ,  

then  c=j+1  is  the  index  of  m o d u l e - g r o u p   across   which  c r o s s - c o u p l i n g  

must  occur   if  the  symmet r ic   real izat ion  of  all  ne twork  a s s i g n m e n t s   are  t o  

be  ach ieved .   In  this  case  L R E L ( 1 , k 2 , k 3 , . . . , k c = a , . . . , k l )   is  c r o s s -  

coupled  t o  L R E R ( 1 , k 2 , k 3 , . . . , k c = b , . . . , k l )   using  the  ident i ty   l i n k i n g  

p a t t e r n   and,  l ikewise,   L R E L ( 1 , k 2 , k 3 , . . . , k c = b , . . . , k l )   is  c r o s s - c o u p l e d  

to  L R E R ( 1 , k 2 , k 3 , . . . , k c = a , . . . , k l ) ,   where   ( a ,b )   d e s i g n a t e s   the  o r d e r e d  

pairs   ( 1 , 2 ) , ( 3 , 4 ) , . . . , ( S c - 1 , S c ) .  

As  an  example  of  the  c r o s s - c o u p l i n g   d e s c r i b e d   above,   F i g u r e s  

11a  and  11b  show  two  implementa t ions   of  a  (32x32)  ne twork   in  6  s t a g e s .  

In  each  ne twork  Ki=4,  i = 1 , . . . , 6 .   In  F igure   11a,  f1=2  and  f2=1.  
Hence,  the  c r o s s - c o u p l i n g   is  the  iden t i ty   linking  pa t t e rn   b e t w e e n  

L R E L ( 1 , k 2 , a )   and  L R E R ( 1 , k 2 , b ) ,   and  between  L R E L ( 1 , k 2 , b )   a n d  

L R E R ( 1 , k 2 , a ) ,   for  k2=1,  2  and  ( a , b ) = ( 1 , 2 ) , ( 3 , 4 ) .   In  Figure  11b,  f1=1 
and  f2=2.  Hence,  the  c r o s s - c o u p l i n g   is  the  ident i ty   l inking  p a t t e r n  

between  L R E L ( 1 , a , k 3 )   and  L R E R ( 1 , b , k 3 ) ,   and  between  L R E L ( 1 , b , k 3 )  
and  L R E R ( 1 , a , k 3 )   for  k3=1,  2  and  ( a , b ) = ( 1 , 2 ) , ( 3 , 4 ) .  

In  the  p r e s e n t   invent ion   @-stage  ne tworks   with  c r o s s -  

coupl ing ,   as  d e s c r i b e d   above ,   are  fully  avai lable   in  that   any  a s s i g n m e n t  

of  inputs   to  o u t p u t s   can  be  rea l ized.   To  d e m o n s t r a t e   the  fu l l  

ava i lab i l i ty ,   cons ide r   a  fully  avai lable   (@-1) - s tage   ne twork   ( i . e . ,   a 

ne twork   with  an  odd  number   of  s t ages )   which  can  be  t r a n s f o r m e d   into  a 

@-stage  ne twork   ( i . e . ,   a  ne twork   with  an  even  number   of  s t ages )   b y  

adding  a  new  s tage  be tween   the  I-th  and  the  ( l+1) - th   s tages   by  c u t t i n g  

the  links  between  the  I-th  and  the  ( I+1) - th   s tages   and  i n se r t i ng   R1 
LRE's;  se t t ing   the  l inking  be tween   the  LRE's  of  this  new  s tage  and  t h e  



LRE's  in  (what  was  p r e v i o u s l y )   the  ( l+1 ) - th   s tage  to  be  a  replica  o f  

that   between  the  LRE's  in  (what   were  p r e v i o u s l y )   the  I-th  and  ( l + 1 ) - t h  

s t ages ;   and  se t t ing   the  l inking  be tween   LRE's  between  the  1-th  s t a g e  

and  the  new  s tage  to  c o r r e s p o n d   to  the  c r o s s - c o u p l i n g   d e s c r i b e d   a b o v e .  

Because  all  LRE's  have  full  c o n n e c t i v i t y   be tween   the i r   Kl  inputs   and  Kl 
o u t p u t s ,   it  is  clear  that   for  such  c r o s s - c o u p l i n g ,   the  addit ion  of  a  n e w  

stage  in  this  manner   does  not  affect   the  full  connec t i v i t y   of  the  o r i g i n a l  

n e t w o r k .  

Moreover ,   a  @-stage  ne twork   with  c r o s s - c o u p l i n g ,   a s  

d e s c r i b e d   above,   can  symmet r i ca l ly   realize  all  t r a n s p o s e d   a s s i g n m e n t s .  

To  d e m o n s t r a t e   th is ,   c o n s i d e r   any  such  ne twork   and  one  dual  r e q u e s t  

to  be  realized  t h r o u g h   it.  Suppose   wi thout   any  loss  of  g e n e r a l i t y ,   t h a t  

one  of  the  r e q u e s t e d   pair  of  r e q u e s t s   involves  input   ix ,  1≤  ix≤  K1,  on  

LREL(i1) ,   1 ≤ i 1 ≤ R 1   and  o u t p u t   oy,  1 ≤ o y ≤ K 1   on  LRER(i@),  1 ≤ i ≤ R 1 .  

Any  path  can  be  chosen  to  sa t i s fy   this  r e q u e s t .   It  should  be  n o t e d  

that   e s t a b l i s h i n g   a  second  path  by  se t t ing   the  m i r r o r - i m a g e   LRE  of  e a c h  

LRE  in  the  o ther   path  into  the  t r a n s p o s e d   state  resul ts   in  a  path  f r o m  

input   iy  on  LRER(i@)  to  o u t p u t   ox  on  LRER(i1) .   In  o ther   words ,   t h i s  

second  path  sa t i s f ies   the  o ther   r e q u e s t   in  the  original  dual  r e q u e s t .  

These   two  paths  will  be  r e f e r r e d   to  as  dual  pa ths .   Hence,  s y m m e t r i c  

real izat ion  in  a  @-stage  ne twork   with  c r o s s - c o u p l i n g   as  d e s c r i b e d   a b o v e  

is  a s s u r e d   via  dual  paths   for  a  s ingle  dual  r e q u e s t .   Assume  this  is 

t rue   for  any  w  dual  r e q u e s t s ,   i ≤ w <  ( N T / 2 ) ;   that   is,  the  s y m m e t r i c  

realizat ion  via  dual  pa ths   are  a s s u r e d   for  any  w  or  fewer  d u a l  

r e q u e s t s .   To  show  then  tha t   this  is  t rue   for  any  w+1  dual  r e q u e s t s ,   i t  

will  suff ice   to  assume  o the rwi se   and  see  that   this  leads  to  a 

c o n t r a d i c t i o n .   A c c o r d i n g l y ,   assume  tha t   t he re   is  a  set  of  w  d u a l  

r e q u e s t s   that   can  be  symmet r i ca l ly   real ized  via  dual  paths   t h r o u g h   t h e  

ne twork ,   but  assume  this  real izat ion  places  the  ne twork   into  a  s ta te   in 

which  an  addi t ional   dual  r e q u e s t   cannot   also  be  symmetr ica l ly   r e a l i z e d .  

Let  Reques t   1  denote   one  of  the  r e q u e s t e d   connec t ions   in  the  d u a l  

r e q u e s t   as  a  r e q u i r e d   path  from  input   iy,  1 ≤ i y ≤ K 1 ,   on  L R E L ( i j ) ,  

1 ≤ i j ≤ R 1 ,   to  o u t p u t   o x ,  1 ≤ o x ≤ K 1 ,   on  LRER( iq ) ,   1 ≤ i q ≤ R 1 ;   l e t  

Reques t   2  denote  the  o the r   r e q u e s t e d   connect ion   in  this  dual  r e q u e s t .  

By  a ssumpt ion   for  the  given  s tate   of  the  ne twork ,   any  addi t ional   p a t h  

t h r o u g h   the  ne twork   s a t i s f y i n g   Reques t   1  is  such  that   its  dual  c a n n o t  

be  used  to  sa t i s fy   Reques t   2.  Likewise,   any  addi t ional   path  t h r o u g h  

the  ne twork   s a t i s fy ing   Reques t   2  is  such  tha t   its  dual  cannot   be  u s e d  

to  sa t i s fy   Reques t   1.  But  the re in   lies  a  c o n t r a d i c t i o n :   for  if  t h e  



ne twork   is  s a t i s fy ing   w  dual  r e q u e s t s   via  w  dual  p a t h s   and  a d d i t i o n a l l y  

Reques t   1  can  be  sa t i s f i ed   by  some  path  but  the  dual  of  this  path  is 

not  available  to  sa t i s fy   R e q u e s t   2,  it  must  be  that   one  of  w  dual  p a t h s  
is  using  a  segment   of  this  dual  path .   But  the  dual  of  this  s e g m e n t  
must  also  be  used  which  means  that   the  path  used  to  sa t i s fy   Reques t   1 

could  not  have  been  ava i lab le   to  begin  with.  Hence  a  8 - s t age   n e t w o r k  

with  c r o s s - c o u p l i n g   as  d e s c r i b e d   above  can  symmetr ica l ly   realize  all 

t r a n s p o s e d   a s s i g n m e n t s .  

A  s ign i f i can t   e n h a n c e m e n t   to  ne twork   connec t iv i t y   is  p r o v i d e d  

by  r e d u n d a n t   l inkage.   For  example ,   in  a  ne twork   where  fk=1  and  f i>1,  
1 ≤ i <  k ≤ ( l - 1 ) ,   the  c r o s s - c o u p l i n g   between  le f t - s ide   and  r i g h t - s i d e  
LRE's  in  the  I-th  module  g r o u p i n g   is  such  that   if  a  given  path  from  a 
ne twork   input  to  some  ne twork   ou tpu t   goes  t h r o u g h   m o d u l e  

M ( k + 1 , j 2 , . . . , j k , j k + 1 )   where   jk+l  is  odd  and  1 ≤ j k + 1 ≤ S k - 1   then  the  d u a l  

of  this  path  goes  t h r o u g h   M ( k + 1 , j 2 , . . . , j k , j k + 1 , + 1 ) .   Hence,  the  s i n g l e  

c o n d u c t o r s   b e t w e e n   LRE's  in  the  k-th  s t a g e   and  t h e  

M ( k + 1 , j 2 , . . . , j k + 1 ) ' s   r e q u i r e   that   two  of  the  M ( k + 1 , j 2 , . . . , j k + 1 ) ' s   b e  

used  to  provide   a  dual  pa th .   In  c o n t r a s t   if  f k ≥ 2 ,   then  only  o n e  

M ( k + 1 , j 2 , . . . , j k + 1 )   would  be  needed  to  p rov ide   such  dual  pa ths .   In 

o the r   words ,   the  ava i l ab i l i ty   of  dual  paths   for  symmetr ic   rea l iza t ions   o f  

t r a n s p o s e d   a s s i g n m e n t s   is  g r e a t e r   when  r e d u n d a n t   l inkage  is  used  in 

the  n e t w o r k .  

F.  DUAL  LRE 

In  a c c o r d a n c e   with  the  p r e s e n t   i nven t ion ,   it  is  poss ib le   t o  

p rov ide   a  dual  LRE-common  control  swi tch ing   element  which  t a k e s  

a d v a n t a g e   of  the  ne twork   p r o p e r t y   that   m i r r o r - i m a g e   LRE's  can  be  s e t  

to  t r a n s p o s e d   s ta tes   so  as  to  realize  t r a n s p o s e d   a s s i g n m e n t s .   Such  a 
dual  element  cons i s t s   of  2  ( K x K ) - n e t w o r k s   and  common  control   log ic .  
The  same  set  of  control   s igna ls   which  sets  one  of  the  ( K x K ) - n e t w o r k s  

into  a  specif ied  s ta te   can,  with  only  s l ight   modif icat ion,   be  used  to  s e t  

the  m i r ro r - image   of  that   ( K x K ) - n e t w o r k   into  the  t r a n s p o s e d   s t a t e .  

Figure  12  i l l u s t r a t e s   the  implementat ion  of  dual  e lements   in  a 
five  s tage  ne twork .   In  this  example,   Figure   12a  i l l u s t r a t e s   a  normal  

five  s tage  ne twork   with  LRE's  11A  compr i s ing   the  f i r s t   s tage ,   11B 

compr i s ing   the  second  s t a g e ,   e t c . ,   and  with  a  line  of  symmet ry   p a s s i n g  



t h r o u g h   the  th i rd   s tage;   in  this  example ,   the  s igna l s ,   shown  as  a r r o w s ,  

pass  from  left  to  r i g h t .  

In  Figure   12a,  the  f i r s t   and  fifth  s tages   are  c o m p l e m e n t a r y  

s tages   and  LRE's  11A  and  11E  are  m i r r o r - i m a g e   LRE's.  Similarly,   t h e  

second  and  four th   s tages   are  c o m p l e m e n t a r y   s tages   and  LRE's  1 1 B  a n d  

11D  are  m i r r o r - i m a g e   L R E ' s .  

By  using  dual  e lements ,   one  e f fec t ive ly   adds  a n o t h e r   s tage   t o  

the  ne twork ,   shown  as  s tage   3'  in  F igure   12b,  thus   sh i f t ing   the  line  o f  

symmet ry .   In  Figure  12b,  s tages   3  and  3'  are  complemen ta ry   s t a g e s  
and  LRE's  l l c   and  11c'  are  m i r r o r - i m a g e   LRE's.  For  s implic i ty ,   it  is 

assumed  in  Figure   12,  tha t   f1>1  and  f2>1  and  t h e r e f o r e ,   a  s w i t c h e d  

c r o s s - c o u p l i n g   p a t t e r n   is  s h o w n .  

Since  m i r r o r - i m a g e   LRE's  in  s t ages   1  and  5,  2  and  4  and  3 

and  3'  share   much  of  the  same  control   logic  and  c i r c u i t r y ,   they  a r e  

combined  into  dual  swi tch ing   e lements .   As  i l l u s t r a t ed   in  Figure  12c,  

this  is  e q u i v a l e n t   to  folding  the  ne twork   along  the  new  line  of  s y m m e t r y  

with  the  dual  e lements   dep ic t ed   as  11A/E,  11B/D  and  11C/C' .   As 

shown  in  this  example,   the  ne twork   c o n s t r u c t e d   with  the  dual  e l e m e n t s  

r e q u i r e s   only  3/5  of  the  q u a n t i t y   of  control   h a r d w a r e   r equ i r ed   by  t h e  

five  s tage  ne twork   of  F igure   12a.  This  ne twork ,   t h e r e f o r e ,   has  NT 
combined  i n p u t / o u t p u t   p o r t s .   In  g e n e r a l ,   if  a  is  odd,  then  t h e  

comparab le   f rac t ion   would  be  1/0,  and  if  @  is  even,   the  f rac t ion  would  

be  1 / 2 .  

Figure   13  is  a  specif ic   c i rcu i t   d iagram  of  a  (4x4)  s w i t c h  

element  17'  for  LRE  17  of  F igure   8  when  tha t   type   LRE  is  a  dua l  

e lement .   Thus ,   the  c i r cu i t   d iagram  of  Figure   13  is  the  d u a l - e l e m e n t  

e q u i v a l e n t   of  the  c i rcui t   d iagram  shown  in  F igure   10. 

In  a  dual  element  embodiment ,   the  (4x4)  switch  element  17' 

cons i s t s   of  D- type   f l ip - f lops   1 5 8 ( a ) - ( j ) ,   b u f f e r s   1 5 9 ( a ) - ( k ) ,   t w o - i n p u t  

NAND  gates   1 6 0 ( a ) - ( h ) ,   t h r e e - i n p u t   NAND  gates   1 6 1 ( a ) - ( p ) ,   t w o - i n p u t  

AND  gates   1 6 2 ( a ) - ( h )   and  t r i - s t a t e   d r i v e r s   1 6 3 ( a ) - ( f f ) .  

The  input   t e rmina l s   153(a)- : (h)   are  connec ted   to  b u f f e r s  

1 5 9 ( d ) - ( k ) ,   r e s p e c t i v e l y ,   these   input   t e rmina l s   are  components   of  t h e  

LRE  overall   input   12'  of  F igure   9.  Four  of  the  eight  input   t e r m i n a l s  



( e . g . ,   1 5 3 ( a ) - ( d ) )   are  par t   of  LRE  11A/E(1)   of  Figure  10c  while  t h e  

o the r   four  input  t e rmina ls   ( e . g . ,   1 5 3 ( e ) - ( h ) )   are  par t   of  LRE A/E(5)   o f  

Figure   10c.  

Control  s ignals   are  rece ived   by  switch  element  17'  at  t e r m i n a l s  

155,  156,  164  and  1 5 7 ( a ) - ( e ) .   These   t e rmina ls   are  components   of  t h e  

LRE  overall   control  input   110  of  Figure   9.  The  control  s ignals   a r e  
ob ta ined   from  the  module  c o n t r o l l e r   111  of  Figure   4 .  

As  shown  in  F igure   12,  the  control   signal  received  at  t e r m i n a l  

164  is  impressed   on  bu f f e r   159(c)  and  passes   to  D- type   f l i p - f l o p s  

1 5 8 ( a ) - ( j ) .   D- type   f l ip - f lops   158  control   the  t w o - i n p u t   NAND  g a t e s  

1 6 0 ( a ) - ( h )   and  the  t h r e e - i n p u t   NAND  gates  1 6 1 ( a ) - ( p ) .   The  c o n t r o l  

signal  received  at  terminal   155  is  impres sed   on  bu f f e r   159(a)  and  p a s s e s  
to  D- type   f l ip-f lops   1 5 8 ( a ) - ( e ) ;   s imilar ly,   the  control   signal  received  a t  

terminal   156  loads  b u f f e r s   159(b)  and  passes   to  D- type   f l i p - f l o p s  

1 5 8 ( f ) - ( j ) .   The  control   signal  rece ived   at  terminal   164,  loads  b u f f e r s  

159(c)   and  passes   to  all  D - t y p e   f l ip - f lops   158. 

The  ou tpu t   s ignals   from  NAND  gates  1 6 0 ( a ) - ( d )   are  d i r e c t e d  

to  t r i - s t a t e   d r ive r   pairs  163(a)  and  (g) ,   163(b)  and  (u) ,   163(c)  a n d  

(y)  and  163(d)  and  (cc) ,   r e s p e c t i v e l y .   The  ou tpu t   s ignals  from  NAND 

gates   1 6 0 ( e ) - ( h )   are  d i r ec t ed   to  t r i - s t a t e   d r i v e r   pairs  163(m)  and  ( t ) ,  

163(n)  and  (x) ,   163(o)  and  (bb)  and  163(p)  and  ( f f ) .  

The  s ignals   from  s u c c e s s i v e   pairs  of  t h r e e - i n p u t   NAND  g a t e s  

1 6 1 ( a ) - ( p )   ( e . g . ,   161(a) ,   (b);   161(c) ,   (d);   e tc . )   are  d i rec ted   to  t w o -  

input   AND  gates  1 6 2 ( a ) - ( h ) ,   r e s p e c t i v e l y .  

The  s ignals   from  t w o - i n p u t   AND  gates  1 6 2 ( a ) - ( h )   are  d i r e c t e d  

to  t r i - s t a t e   d r ive r   pairs  163(e)  and  ( r ) ,   163(f)  and  (v) ,   163(g)  a n d  

(z),   163(h)  and  (dd ) ,   163(i)  and  (s) ,   163(j)  and  (w),  163(k)  and  ( a a )  

and  163(1)  and  (ee)  r e s p e c t i v e l y .  

T r i - s t a t e   d r i v e r s   1 6 3 ( a ) - ( d )   are  connec t ed   to  ou tpu t   t e r m i n a l  

154(a) ,   d r i v e r s   1 6 3 ( e ) - ( h )   to  154(b) ,   d r i v e r s   163( i ) - ( I )   to  t e r m i n a l  

154(c) ,   d r i v e r s   1 6 3 ( m ) - ( p )   to  terminal   154(d) ,   d r i v e r s   1 6 3 ( q ) - ( t )   to  

terminal   154(e),   d r i v e r s   1 6 3 ( u ) - ( x )   to  terminal   154(f) ,   d r i v e r s   1 6 3 ( y ) -  

(bb)  to  terminal  154(g)  and  d r i v e r   163(ce)  to  terminal   1 5 4 ( h ) .  



Input   s ignals   r ece ived   on  te rminals   1 5 3 ( a ) - ( d )   are  passed   t o  

any  of  ou tpu t   t e rmina l s   1 5 4 ( a ) - ( d )   and  the  input   s ignals   r ece ived   on 

te rmina ls   1 5 3 ( e ) - ( h )   are  passed   to  any  of  o u t p u t   terminal   1 5 4 ( e ) - ( h ) .  

The  o u t p u t   t e rmina ls   1 5 4 ( a ) - ( h )   of  switch  element  17'  are  componen t s   o f  

the  LRE  overall  o u t p u t   25  of  Figure   9.  Four  of  the  e ight   o u t p u t  

t e rmina ls   ( e . g . ,   1 5 4 ( a ) - ( d ) )   are  par t   of  LRE  11A/E(1)   of  F igure   1 1 ( c )  

while  the  o ther   four   o u t p u t   t e rminals   ( e . g . ,   1 5 4 ( e ) - ( h ) )   are  par t   o f  

LRE  A/E(5)   of  Figure   11 (c) .  

While  the  p r e s e n t l y   p r e f e r r e d   embodiments   of  the  i n v e n t i o n  

have  been  shown  and  d e s c r i b e d   in  p a r t i c u l a r i t y ,   the  invent ion   may  b e  

o the rwi se   embodied  within  the  scope  of  the  a p p e n d e d   c l a ims .  



1.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s t age   s w i t c h i n g  

ne twork   having  NT  inputs   and  MT  o u t p u t s   compr is ing   a  p lu ra l i ty   o f  

swi t ch ing   elements  a r r a n g e d   in  an  a r r ay   of  8  s t ages ,   where  @≥3,  i n n e r  

g r o u p s   of  s tages   def in ing   a  p lu ra l i t y   of  nes ted   modules  where   each  of  

said  swi tches   in  an  ou te r   s tage   is  connec ted   to  a s soc ia ted   s u b o r d i n a t e  

inner   modules  such  that   at  least  one  set,  f i ,   of  said  c o n n e c t i o n s  

between  s tages   is  r e d u n d a n t .  

2.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s t age   s w i t c h i n g  

ne twork   as  set  for th   in  Claim  1  for  the  real izat ion  of  t r a n s p o s e d  

a s s i g n m e n t s   wherein   MT=NT  and  8  is  even  and  the  swi tches   within  t h e  

I-th  and  (1+1)-th  s t a g e s ,   where   I=@/2,  are  c r o s s - c o u p l e d   such  t h a t  

t r a n s p o s e d   a s s i g n m e n t s   are  symmet r i ca l ly   r e a l i z e d .  

3.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s tage   s w i t c h i n g  

ne twork   as  set  forth  in  Claims  1  or  2,  wherein   said  swi tches   in  an  

ou te r   s tage   are  connec t ed   to  all  a s soc ia t ed   s u b o r d i n a t e   inner   m o d u l e s .  

4.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s t age   s w i t c h i n g  

ne twork   as  set  for th  in  Claims  1  or  2,  wherein   each  switch  in  s a i d  

ne twork   comprises   a  s t r i c t l y   nonb lock ing   swi tch ing   e l e m e n t .  

5.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s tage   s w i t c h i n g  

ne twork   as  set  for th  in  Claims  1  or  2,  where in   MT  =  NT  and  the  t o t a l  

number   RT  of  swi tch ing   e lements   is  equal  t o  

j  =  m o d u l e - g r o u p   compr i sed   of  switches   in  s t a g e s  j   to  (@-j+1)  f o r  
j ≤ l ;  

i  =  any  s tage  in  the  ne twork   such  that   i = 1 , 2 . . . , @ ;  

Ri  =  the  number   of  swi tches   compr is ing   the  i-th  s tage  c o n t a i n e d  

within  each  m o d u l e - g r o u p   j=i; 



l  =  (@+1)/2,  when  @  is  odd;  a n d  

=  @/2,  when  8  is  e v e n ;  

=  1-1,  when  8  is  odd;  a n d  

=  w h e n   8  is  e v e n ;  

=  1,  when  8  is  odd;  a n d  

=  0,  when  8  is  even;   a n d  

Ki  =  size  of  switch  in  the  i-th  s t a g e .  

6.  A  r e a r r a n g e a b l e   fully  avai lable  mul t i s t age   s w i t c h i n g  

ne twork   as  set  forth  in  Claims  1  or  2,  where in   each  swi tch ing   e l e m e n t ,  

LRE,  is  compr ised   of  one  or  more  identical   p r in t ed   c i rcu i t   b o a r d s .  

7.  A  r e a r r a n g e a b l e   fully  avai lable   mul t i s t age   s w i t c h i n g  

ne twork   as  set  forth  in  Claims  1  or  2,  where in   each  switch  within  e v e r y  

stage  is  the  same  s i z e .  

8.  A  r e a r r a n g e a b l e   fully  avai lable  mul t i s t age   s w i t c h i n g  

ne twork   as  set  for th  in  Claim  5,  where in   NT,  K,  and  f.,  for  1 ≤ i < l  

have  values  such  t h a t  

a n d  

the  number   of  LRE's  compr i s ing   said  ne twork   is  d i rec t ly   p ropo r t i ona l   t o  

NT  such  t h a t  

w h e r e  

said  LRE  is  the  least  r educ ib l e   e lement   in  the  n e t w o r k .  

9.  Pr in ted   c i rcu i t   boards   as  set  forth  in  Claim  6,  where in   a 

bypass   loop  is  p r o v i d e d   to  fac i l i t a te   t e s t ing   of  each  said  p r i n t ed   c i r c u i t  

b o a r d s .  



10.  A  swi tch ing   ne twork   as  set  forth  in  Claim  6  c o m p r i s i n g  

p r i n t e d   c i rcu i t   b o a r d s ,   each  having  a  bypass   loop;  said  ne twork  h a v i n g  

a  con t ro l l e r   having  means  f o r  

(a)  t r a n s m i t t i n g   a  tes t   signal  from  the  input  t e r m i n a l  

over  a  ne twork   to  an  ou tpu t   t e r m i n a l ;  

(b)  c o n n e c t i n g   the  terminals   t h r o u g h   said  path  if  s a i d  

tes t   signal  is  c o r r e c t l y   r e c e i v e d ;  

(c)  c o n n e c t i n g   t h r o u g h   ano the r   path  if  the  test   s i g n a l  

is  i n c o r r e c t l y   rece ived   and  r eco rd ing   the  ident i ty   of  s a i d  

faul ty   path  for  s u b s e q u e n t   t e s t i n g ;   a n d  

(d)  t r a n s m i t t i n g   a  test   signal  over   the  faul ty   path,   a n d  

one  by  one,  s h u n t i n g   the  tes t   signal  via  each  LRE's  b y p a s s  

loop,  to  isolate  and  ident i fy  the  de fec t ive   LRE. 
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